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CHAPTER I
INTRODUCTION
Hurricane Katrina made landfall in Plaquemines Parish, Louisiana on August 29,
2005. With sustained winds recorded at 204 km/hr (127 mph), Hurricane Katrina was a
Category 3 storm on the Saffir-Simpson scale at landfall. Once over land, the storm
quickly lost power and six hours after making landfall was reduced to a tropical storm
just northwest of Meridian, Mississippi. In addition to hurricane-strength winds, the
storm brought substantial amounts of rainfall over a very short period of time and a storm
surge of up to 8.5 m across southern Louisiana and Mississippi (Graumann et al., 2005).
This storm surge penetrated 10 km inland in many areas of southern Mississippi, and up
to 20 km inland along bays and rivers (Knabb et al., 2006). Hurricane Katrina generated
substantial impacts on the forests and biological resources of the affected area in
Mississippi. According to Mississippi Institute for Forest Inventory (MIFI) and United
States Forest Service Forest Inventory and Analysis (USFS FIA) assessments, over one
half million hectares of forest land and approximately 39 million m3 of timber was
damaged across the Southeast Forest District of Mississippi due to Hurricane Katrina.
Total damages/costs for the entire storm event were estimated to be $125 billion
(Graumann et al., 2005).
There is a need to better understand the physical extent of hurricane wind damage
to southern forests, and to identify stand and site characteristics that may contribute to
specific types of damage. The first portion of this study utilized the MIFI database and
1

advanced GIS techniques in ArcGIS to produce damage maps based on type of wind
damage (shear or blowdown) to specific tree species. The second part of this research
used two different statistical techniques to explain the different patterns of tree species
damage and relate damage patterns to stand and site characteristics.
Blowdown (also known as windthrow or up-rooting) is defined as when a tree is
subjected to lateral forces on the crown and stem that exceed root-soil holding strength,
but do not break the stem resulting in the tree toppling over (Putz et al., 1983). Shear (or
breakage) occurs when trees are subjected to forces that exceed stem strength but are not
strong enough to dislodge and break the roots or roll the root ball (Putz et al., 1983).
Different abiotic and biotic factors were examined in this study to see how they
contributed to the different types of damage sustained by individual tree species.
Damage assessments focused on trees damaged by either shear or blowdown and were
restricted to forested areas only to identify risk factors contributing to damage as well as
how these variables interact to affect wind damage induced on trees in southeastern
Mississippi.
Previous studies have examined the phenomena surrounding wind-related damage
- particularly the factors that determine which species types are most susceptible to
damage. Few studies in the southern United States have examined correlations between
damage type and site characteristics, and even fewer have attempted to map individual
species damage. The primary objective of this study is to first visually examining the
pattern of damage for economically and ecologically important tree species and then the
subsequent statistical analysis to identify significant abiotic and biotic variables as they
relate to these damage patterns. By understanding the patterns of tree species damage
and knowing what type of site characteristics may or may not contribute to wind damage,
2

it may be possible to derive better field sampling techniques to collect data post
catastrophic wind event. If known anisotropic (directionally dependent) conditions exist,
field sampling crews can collect more valuable data by establishing sample plots along
the anisotropic gradient as opposed to random sampling. Mapping damage and
corresponding debris patterns across the landscape will be beneficial to disaster relief
agencies. Accurate damage maps are necessary for both relief recovery funding and
insurance claims. This knowledge will allow foresters and private landowners to better
manage their forestlands in an appropriate manner.

3
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CHAPTER II
GEOSTATISTICAL ANALYSIS OF HURRICANE KATRINA RELATED WIND
DAMAGE TO MAJOR TREE SPECIES OF SOUTHEAST MISSISSIPPI
Introduction
A multitude of studies have examined the biotic and abiotic factors that contribute
to windthrow and shear occurrences following severe wind disturbances on forest lands.
Hurricanes affecting the southeastern United States have been a primary focus for many
researchers’ and current research covers many different tree species, locations, wind
disturbances, and abiotic factors. With hurricanes having the potential to cause
catastrophic destruction, it is important to derive accurate assessments and maps of this
damage for disaster response preparation. Despite this need, the spatial pattern of
hurricane damage has rarely been examined. To fill this void in the literature, this study
will utilize kriging and IDW interpolations to examine the spatial pattern of Hurricane
Katrina damage across south Mississippi.
Kriging and inverse distance weighted interpolation techniques are based on using
known sample values and locations to estimate those values at unknown areas. Both
utilize distance as a function of how much weight, or value, the neighboring points have
in the estimation. The primary difference in these techniques is how each calculates the
weight to assign each neighboring sample location. Kriging is capable of identifying
spatial dependency within data, which is the primary focus of this analysis. IDW
interpolation is capable of identifying local patterns, as it does not have a spatial
5

correlation component. A more detailed examination of both these interpolation
techniques is provided in the data analysis sections.
Damage Mapping
Accurate maps showing extent, type, and severity of damage following severe
wind events are vital for forest resource management and allocation of recovery
resources. Following Hurricane Katrina, Kupfer et al. (2008) set out to map the
hurricane-induced damage within the DeSoto Ranger District of DeSoto National Forest
located in southern Mississippi. Four damage classes were used (none, low, moderate,
and heavy) to classify 450 plots within 153,000 hectares using a combination of air photo
interpretation and field sampling. Tree-level predictive damage models were developed
using classification tree analysis (CTA) and stochastic gradient boosting (SGB) to
examine the influence of variables such as storm meteorology, stand conditions, and site
characteristics in predicting forest damage.
Kupfer et al. (2008) concluded that tree age was the best predictor of damage.
Plots with an average tree age less than 31 years old showed no discernable damage.
Plots older than 31 years showed a higher frequency of damage and were subsequently
split into groups based on forest type. The first group contained mostly pine and pinehardwood plots, which were classified as having light or no damage. Hardwooddominated plots and pine/pine-hardwood stands dominated by loblolly pine were
classified as having moderate to heavy damage. The resulting damage map was more
strongly related to stand conditions and site characteristics than to measures of storm
meteorology (Kupfer et al., 2008).
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Wang and Xu (2008) conducted a similar evaluation of the effects of Hurricane
Katrina in the Lower Pearl River Valley and the surrounding area in St. Tammany and
Washington Parishes in Louisiana, and Hancock and Pearl River Counties in Mississippi.
Fifty three percent of the study area was forested, including wetland forests, upland
forests, and urban forests. A series of full and reduced logit models were developed to
analyze the effects of forest characteristics and site conditions on hurricane disturbance
and to model probabilities of forest damage. Wang and Xu (2008) found that forests
adjacent to streams and rivers in the study area showed a higher level of disturbance from
the hurricane, indicating a high susceptibility of bottomland forests to hurricane damage.
As the distance from river channels increased, severity of damage declined. These results
correspond with Kupfer et al.’s (2008) study. They found increased distance from
perennial streams correlated with lower levels of damage. Kupfer et al. (2008) also
found the trees most susceptible to damage were hardwoods located in bottomlands and
along river channels. Wang and Xu (2008) found wetland forests had the most damage,
followed by urban, mixed, evergreen forests, and shrub/scrub communities.
Boose et al. (1994) examined Hurricane Hugo damage on the Luquillo
Experimental Forest in Puerto Rico where damage classes were derived based on the
percentage of trees windthrown. They found that damage patterns in Puerto Rico
coincided with major physiographic features. Undamaged areas were found on the
southern/southeastern crests of ridges. Completely windthrown areas were grouped
together in north-south linear patterns across the study area. Damage was also strongly
associated with differences in elevation and vegetation type. Completely damaged areas,
defined as ≥ 75% windthrown, were found predominantly between 100 and 400 m
elevation. According to their observations, there appeared to be an increase in damage
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with elevation at lower elevations (100-600 m) and a decrease in damage at the highest
elevations.
McMaster (2005) examined 50 square miles of the Oswegatchie/Black River
watershed within Adirondack State Park, New York. This heavily forested area was
damaged during a severe wind event on July 15, 1995. This study utilized Landsat
Thematic Mapper satellite images as the primary source of change detection. These were
verified by ground-truthing traverses. Slope and aspect, relative elevation, soil moisture,
land cover, and soils data were included as variables in the analysis. These variables
were placed together in a simple additive weighting model to produce a predicted damage
map, which was tested against the actual damage map. There was poor agreement
between the predicted map and the actual damaged areas, with an overall accuracy of
60% and a kappa analysis score of 0.22. According to the researcher, poor accuracy may
be attributed to not including average stem diameter, tree species, tree height, or stand
age as predictors of damage.
Methodology
Study Area
Hurricane Katrina made landfall on August 29th, 2005 at the mouth of the Pearl
River Basin along the Mississippi and Louisiana border (Figure 2.1). The right front
quadrant of the hurricane, which is known to bring the most severe winds and rain,
traversed southeast Mississippi. The study area for this research is the Mississippi
Institute for Forest Inventory (MIFI) Southeast Forest District which contains the 15
counties that suffered the most Hurricane Katrina damage within Mississippi.
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Figure 2.1

Study area located within the Southeast MIFI Forest District, Mississippi,
USA.

With variations in physical geography throughout the Southeast MIFI Forest
District, several Level IV ecoregions are present in the district including Southern Hilly
Gulf Coastal Plain, Southern Pine Plains and Hills, Southeastern Floodplains and Low
Terraces, Gulf Coast Flatwoods, and Gulf Barrier Islands and Coastal Marshes (Chapman
2004). Vegetative cover for these regions primarily consists of longleaf (Pinus palustris
Miller), slash (P. elliottii Engelm.) and loblolly pine (P. taeda L.), as well as mixed
forests of oak (Quercus), hickory (Carya), and co-dominant pine (Chapman 2004). The
majority of the Southeast MIFI Forest District is located in the Gulf Coast Plain which is
characterized by broad and gently sloping uplands dissected by multiple streams and
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rivers, the largest of which have mature floodplains and noticeable topographic changes
(Chapman 2004). Elevation in this area ranges from sea-level along the coast and the
floodplains of the Pearl and Pascagoula River Basins, to around 152 meters in Jefferson
and Covington Counties. The lowlands of the Pearl River Basin and uplands in Lamar,
Jones, and Covington Counties were directly in Hurricane Katrina’s path.
Data
Species information and location data were obtained from the MIFI database.
Forest plot locations were derived from the MIFI data and span the 15 counties included
in the district. Following Hurricane Katrina, about 1,700 0.2-ha circular plots were
randomly installed in forest strata within the Southeast MIFI Forest District to measure
forest damage (shear and blowdown). The MIFI data included plot location (x,y
coordinates of plot centers), tree species, individual tree diameter at breast height (in),
total height (ft), damage type (shear or blowdown), and trees per acre (tpa). Other
calculated variables include Lorey’s mean height (m) and Quadratic Mean Diameter
(cm). A modified dataset was obtained from Allen (2009) which included soils data
obtained from the Natural Resources Conservation Service (NRCS) as well as
precipitation and wind data obtained through the Hurricane Research Division of the
National Oceanic and Atmospheric Administration. This database also includes slope,
aspect, and elevation data derived from a Digital Elevation Model (DEM) provided by
the Mississippi Automated Resource Information System (MARIS) which was originally
obtained from the United States Geological Survey (USGS). Other variables included in
this dataset include distance from Hurricane Katrina’s track, distance from coast, and
forest age. This study utilized the storm track established by the National Oceanic and
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Atmospheric Administration, which was defined by the lowest barometric pressure data
associated with the storm. Figures 2.2 and 2.3 show the distribution of MIFI plots
throughout the study area as well as the proportional value of basal area damaged for all
oak species and all pine species respectively.
Species group specifications can be found in Table 2.1 and displays common and
scientific names for the individual tree species within each species group. Frequency and
damage statistics for the species groups analyzed can be found in Table 2.2. Shear,
blowdown, and species total damage were calculated based upon the individual damage
values of each damage class for each species. Overall damage was calculated using the
overall damage observations for each species and dividing this by the total damage count
within the study area.
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Table 2.1

Scientific and common names of individual tree species within species
groups utilized in kriging and inverse distance weighted interpolation of
damage within the Southeast MIFI District.
All Pine
Scientific Name
Pinus taeda L.
Pinus echinata Mill.
Pinus elliottii Engelm.
Pinus palustris Miller

Common Name
loblolly pine
shortleaf pine
slash pine
longleaf pine

All Oak
Scientific Name
Quercus nigra L.
Quercus alba L.
Quercus falcata Michaux
Quercus hemisphaerica
Bartram ex Willdenow
Quercus stellata Wangenheim
Quercus phellos L.
Quercus virginiana P. Mill.
Quercus pagoda Rafinesque
Quercus lyrata Walt.
Quercus michauxii Nutt.
Quercus marilandica
Muenchhausen
Quercus texana Buckley
or alternately as
Quercus nuttallii Palmer
Quercus laevis Walter
Quercus muehlenbergii Engleman
Quercus durandii Buckley
Quercus velutina Lamarck
Quercus shumardii Buckley
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Common Name
water oak
white oak
southern red oak
laurel oak
post oak
willow oak
live oak
cherrybark oak
overcup oak
swamp chestnut oak
blackjack oak

Nuttall oak
turkey oak
chinkapin oak
Durand oak
black oak
Shumard oak

Table 2.2

Tree level frequencies of damage by type for pine and oak species and
overall groups within the Southeast MIFI District.

Loblolly pine
Shortleaf pine
Slash pine
Longleaf pine
Misc. pine
All Pine

8,924
383
5,389
2,659
167
17,522

Species
Total
Damage
(%)
11.18
7.83
12.53
8.61
10.78
11.13

Water oak
White Oak
Other red oak
Southern red
oak
Laurel oak
Post oak
Willow oak
Live oak
Other white
oak
Cherrybark
oak
Overcup oak
Swamp
Chestnut oak
Blackjack oak
Nuttall oak
Turkey oak
Chinkapin oak
Durand oak
Black oak
Shumard oak
All Oak

2,277
348
264
247

20.86
15.80
17.80
17.00

13.70
10.06
8.71
14.57

7.16
5.75
9.09
2.43

475
55
47
42

13.43
1.56
1.33
1.19

206
173
139
71
66

8.74
4.62
10.79
5.63
15.15

5.34
2.31
7.91
0.00
12.12

3.40
2.31
2.88
5.63
3.03

18
8
15
4
10

0.51
0.23
0.42
0.11
0.28

29

6.90

6.90

0.00

2

0.06

27
23

3.70
4.35

0.00
4.35

3.70
0.00

1
1

0.03
0.03

15
14
14
4
3
3
2
3,925

13.33
7.14
0.00
25.00
0.00
0.00
100.00
17.43

6.67
0.00
0.00
25.00
0.00
0.00
50.00
11.36

6.67
7.14
0.00
0.00
0.00
0.00
50.00
6.06

2
1
0
1
0
0
2
684

0.06
0.03
0.00
0.03
0.00
0.00
0.06
19.34

Other Species

8,391

10.83

5.05

5.78

902

25.71

Species

Observations
(No.)

Blowdown
(%)

Shear
(%)

Damage
Obs.
(No.)

Overall
Damage
(%)*

3.42
2.87
3.56
4.66
4.79
3.65

7.77
4.96
8.96
3.95
5.99
7.48

998
30
675
229
18
1,950

28.22
0.85
19.09
6.48
0.51
55.15

*Other Species includes 34 species

Grand Total

29,838

3,536

* Overall damage was calculated using the damage observations for each species and dividing this by the
total damage count within the study area eg. 998 / 3,536 = 28.22%.
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Figure 2.2

Plot values for all oak species classified by total proportional damage
caused by Hurricane Katrina within the Southeast MIFI District.
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Figure 2.3

Plot values for all pine species classified by total proportional damage
caused by Hurricane Katrina within the Southeast MIFI District.
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Data Analysis
Data analysis focused on visualizing the severity and extent of total wind damage
through kriging and inverse distance weighted (IDW) interpolations for all pine species
and all oak species at the plot level. This analysis procedure was also conducted on the
most abundant softwood and hardwood species within the Southeast MIFI District—
loblolly pine and water oak. Both Kriging and IDW interpolation methods are based on
using known sample locations to estimate unknown areas. Kriging and IDW
interpolations were spatially constrained to forested lands to reduce errors based on
sparse data areas. The forest/non-forest layer was based on a Landsat classification
acquired through MIFI.
Kriging
Tobler’s (1970) first law of geography that guides spatial interpolation is based
upon the premise that: “Everything is related to everything else, but near things are more
related than distant things” (Tobler 1970 pg. 236). Spatial autocorrelation can be
examined and accounted for in kriging, a statistically-based estimator of spatial variables
using known observation points to predict or estimate values at unknown locations
(Bolstad 2008). Kriging is made up of three main components: spatial trend, spatial
autocorrelation, and random, stochastic variation (Bolstad 2008). These three
components are combined into a mathematical model to develop a function to estimate
values at unknown locations based on known locations (Bolstad 2008).
Geostatistical prediction, in this case kriging, uses semivariance to represent
spatial covariance. Semivariance is the variance of the variable of interest based on
nearby sample locations, and is defined mathematically as:
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ℎ =




∗ ∑( −  )

Eq. 2.1

Where Za is the variable measured at one point, Zb is the variable measured at
another point h distance away, and n is the number of pairs that are approximately
distance h apart. The kriging analysis in this research utilized five neighboring points
with a minimum or two neighboring points. The semivariance at a given lag distance is a
measure of spatial autocorrelation at that distance. When nearby points (small h) are
similar, the difference (Za – Zb) is small, therefore the semivariance is small. High spatial
autocorrelation means points near each other have similar Z values (Bolstad 2008).
Spatial autocorrelation can be examined using a semivariogram (Bolstad 2008,
Malczewski 1999). A semivariogram is made up of three parts: the nugget, sill, and
range as shown in Figure 2.4 (Bolstad 2008). The nugget is the initial semivariance at a
distance of zero and represents variability at distances smaller than the sample spacing,
including measurement error (Bolstad 2008). The sill is the point at which the
semivariogram levels off, which can be thought of as the inherent variation in the data
when there is little autocorrelation (Bolstad 2008). The range is the distance at which the
sill is reached, and past this value autocorrelation is essentially zero (Bolstad 2008).
Kriging is similar to IDW in that both calculate a weighted average, however kriging
utilizes the minimum variance method to calculate weights of observation points rather
than an inverse proportion of the distance (Bolstad 2008).
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Figure 2.4

Idealized semivariogram displaying the sill, influence range, and nugget.
The x-axis is defined as the lag distance (h), the y-axis indicates the amount
of semi-variance associated with sample locations.

To examine the spatial trend of Hurricane Katrina induced damage, a relative
measure – the proportion of damaged basal area to total basal area for total damage – was
used in the analysis. This was achieved using a combination of software packages. R
2.9.21 was first utilized to examine semivariograms for different directions (0°, 45°, 90°,
and 135°). The strongest directional semivariogram was fit to estimate the parameters
(sill, nugget, and influence range) to quantify spatial dependency of the basal area
damaged. The direction that indicated the highest degree of anisotropy was considered
the strongest semivariogram. Ordinary kriging was then conducted in ArcGIS1 using the
Geostatistical Wizard to interpolate the response surface of Hurricane Katrina wind
damage. Ordinary kriging was used because it assumes the mean is unknown and
constant, and focuses on the spatially correlated component, which was the focus of this
research.
1

Mention of product or company names is for information purposes only and does not constitute endorsement by the
author or Mississippi State University.
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Inverse Distance Weighted Interpolation
Inverse Distance Weighted (IDW) interpolation estimates the values at unknown
locations using the sampled values and distance to nearby known points (Bolstad 2008).
The weight assigned to each sampled point is an inverse proportion of the distance to the
unknown location that is being interpolated. Therefore, the farther away the point, the
less weight the point has in estimating the value at an unsampled location (Bolstad 2008,
Malczewski 1999). The IDW analysis for this research utilized a minimum of ten and a
maximum of fifteen neighboring points.
IDW values are estimated using the following equation:

s

Z0 =

1

∑z d
i=1
s

i

k
i

1
∑
k
i=1 di

Eq. 2.2

Where Z0 is the estimated value at point 0, Zi is the z value at known point i, di is the
distance between point i and 0, s is the number of known points used, and k is the
specified power.
Results
All Pine Species
When examining the spatial trend of damage for all pine species found within the
study area, the directional semivariograms indicated the greatest degree of spatial
autocorrelation occurred in the north-northeast direction (0°-45°). This is shown by the
upward sloping nearly exponential curve of these two trend lines (Figure 2.5). This
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doesn’t fit the idealized semivariogram example provided in Figure 2.4, but the
corresponding sill, influence range, and nugget are still identifiable. The nugget for all
four directions occurs at approximately 0.075, the influence range for the east-west (90°)
and southeast-northwest (135°) occurs from 0.0 degrees (latitude and longitude) of
distance to approximately 1.0 degrees of distance. The influence range for the northsouth (0°) and northeast-southwest (45°) occurs from approximately 1.0 degree (latitude
and longitude) of distance to 2.0 degrees of distance. The sill for the east-west (90°) and
southeast-northwest (135°) directions occurs at approximately 1.0 degrees of distance,
and the sill in the north-south (0°) and northeast-southwest (45°) direction occurs at 2.0
degrees of distance.

Figure 2.5

Directional semivariograms for all pine species proportion of total damage
caused by Hurricane Katrina within the Southeast MIFI District, with
distance in degrees. Legend indicates cardinal directions (0°: N-S, 45°:
NE-SW, 90°:E-W, 135°: SE-NW).
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The subsequent kriging surface utilized an exponential model based on the
semivariograms for the north-south and northeast-southwest directions. The map visually
displays a strong correlation between damage and distance from Hurricane Katrina’s
track. It also shows that damage was reduced in the northeast corner of the study area
when compared to the south and southwest of the study area (Figure 2.6).
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Figure 2.6

Kriging interpolation map for all pine species proportional total basal area
damaged, caused by Hurricane Katrina within the Southeast MIFI District.
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An IDW interpolation was also conducted on all pine species and this map reveals
more of the intricacies related to wind damage to forests. Instead of identifying the
general trend of damage, it displays pockets of higher and lower damage while still
displaying the overall trend of north-northeast damage (Figure 2.7).
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Figure 2.7

Inverse Distance Weighted interpolation map for all pine species
proportional total basal area damaged, caused by Hurricane Katrina within
the Southeast MIFI District.
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All Oak Species
When examining the spatial trend of damage for all oak species found within the
study area, the directional semivariograms indicated the greatest degree of spatial
autocorrelation occurred in the north-northeast direction (0°-45°). This is indicated by
the upward sloping nearly exponential curve of these two trend lines (Figure 2.8). The
nugget for all four directions occurs at approximately 0.08, the influence range for the
east-west (90°) and southeast-northwest (135°) occurs from 0.0 degrees (latitude and
longitude) of distance to approximately 1.3 degrees of distance. The influence range for
the north-south (0°) and northeast-southwest (45°) occurs from approximately 1.2 degree
(latitude and longitude) of distance to 2.0 degrees of distance. The sill for the east-west
(90°) and southeast-northwest (135°) directions occurs at approximately 1.3 degrees of
distance, and the sill in the north-south (0°) and northeast-southwest (45°) direction
occurs at 2.0 degrees of distance.
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Figure 2.8

Directional semivariograms for all oak species proportion of total damage
caused by Hurricane Katrina within the Southeast MIFI District, with
distance in degrees. Legend indicates cardinal directions (0°: N-S, 45°: NESW, 90°:E-W, 135°: SE-NW).

The subsequent kriging surface utilized an exponential model based on the
semivariograms for the north-south and northeast-southwest directions. The map visually
displays a strong correlation between damage and distance from Hurricane Katrina’s
track (Figure 2.9). It also shows that damage was lower in the northeast corner of the
study area when compared to the south and southwest of the study area.
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Figure 2.9

Kriging interpolation map for all oak species proportional total basal area
damaged, caused by Hurricane Katrina within the Southeast MIFI District.
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An IDW interpolation was also conducted on all oak species and this map reveals
more of the intricacies related to wind damage on forests (Figure 2.10). Instead of
identifying the general trend of damage, it displays pockets of higher and lower damage
while still displaying the overall trend of north-northeast damage.
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Figure 2.10

Inverse Distance Weighted interpolation map for all oak species
proportional total basal area damaged, caused by Hurricane Katrina within
the Southeast MIFI District.
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Water oak
Water oak was the most abundant hardwood species found in the study area.
When examining the spatial trend of damage for water oak, the directional
semivariograms indicated the greatest degree of spatial autocorrelation occurred in the
north-northeast direction (0°-45°). This is indicated by the nearly exponential curve of
these two lines (Figure 2.11). Both combined species groups also displayed this trend,
however, the directional semivariograms for water oak more closely resembles the
semivariogram for all pine species than all oak species. The nugget for all four directions
occurs at approximately 0.075, the influence range for the east-west (90°) and southeastnorthwest (135°) occurs from 0.0 degrees (latitude and longitude) of distance to
approximately 1.3 degrees of distance. The influence range for the north-south (0°) and
northeast-southwest (45°) occurs from approximately 1.5 degree (latitude and longitude)
of distance to 2.0 degrees of distance. The sill for the east-west (90°) and southeastnorthwest (135°) directions occurs at approximately 1.3 degrees of distance, and the sill
in the north-south (0°) and northeast-southwest (45°) direction occurs at 2.0 degrees of
distance.
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Figure 2.11

Directional semivariograms for water oak proportion of total damage
caused by Hurricane Katrina within the Southeast MIFI District, with
distance in degrees. Legend indicates cardinal directions (0°: N-S, 45°: NESW, 90°:E-W, 135°: SE-NW).

The subsequent kriging surface utilized an exponential model based on the
semivariograms for the north-south and northeast-southwest directions. The map visually
displays a strong correlation between damage and distance from Hurricane Katrina’s
track. This interpolation displays levels of high damage following Hurricane Katrina’s
track exactly. It also shows that damage appears to be reduced in the east and northeast
corner of the study area when compared to the west and southwest of the study area
(Figure 2.12).
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Figure 2.12

Kriging interpolation map for water oak proportional total basal area
damaged, caused by Hurricane Katrina within the Southeast MIFI District.
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An IDW interpolation was also conducted on water oak and this map reveals
more of the intricacies related to wind damage to forests. Instead of identifying the
general trend of damage, it displays pockets of higher and lower damage while still
displaying the overall trend of north-northeast damage (Figure 2.13).
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Figure 2.13

Inverse Distance Weighted interpolation map for water oak proportional
total basal area damaged, caused by Hurricane Katrina within the Southeast
MIFI District.
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Loblolly pine
Loblolly pine was the most abundant softwood species found in the study area.
When examining the spatial trend of damage for loblolly pine, the directional
semivariograms indicated the greatest degree of spatial autocorrelation occurred in the
north-northeast direction (0°-45°). This is shown by the upward sloping nearly
exponential curve of these two trend lines (Figure 2.14). Both combined species groups
as well as water oak also displayed this trend. The nugget for all four directions occurs at
approximately 0.0625, the influence range for the east-west (90°) and southeastnorthwest (135°) occurs from 0.0 degrees (latitude and longitude) of distance to
approximately 1.0 degrees of distance. The influence range for the north-south (0°) and
northeast-southwest (45°) occurs from approximately 1.0 degree (latitude and longitude)
of distance to 2.0 degrees of distance. The sill for the east-west (90°) and southeastnorthwest (135°) directions occurs at approximately 1.0 degrees of distance, and the sill
in the north-south (0°) and northeast-southwest (45°) direction occurs at 2.0 degrees of
distance.
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Figure 2.14

Directional semivariograms for loblolly pine proportion of total damage
caused by Hurricane Katrina within the Southeast MIFI District, with
distance in degrees. Legend indicates cardinal directions (0°: N-S, 45°: NESW, 90°:E-W, 135°: SE-NW).

The subsequent kriging surface utilized an exponential model based on the
semivariograms for the north-south and northeast-southwest directions. The map visually
displays a strong correlation between damage and distance from Hurricane Katrina’s
track as well as the coast. This interpolation displays levels of high damage occurring
along the storm track and directly east of the track. It also shows that damage appears to
be reduced in the north and northeast corner of the study area when compared to the
south and southwest of the study area (Figure 2.15).
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Figure 2.15

Kriging interpolation map for loblolly pine proportional total basal area
damaged, caused by Hurricane Katrina within the Southeast MIFI District.
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An IDW interpolation was also conducted on loblolly pine and this map reveals
more of the intricacies related to wind damage to forests. Instead of identifying the
general trend of damage, it displays pockets of higher and lower damage while still
displaying the overall trend of north-northeast damage (Figure 2.16).
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Figure 2.16

Inverse Distance Weighted interpolation map for loblolly pine proportional
total basal area damaged, caused by Hurricane Katrina within the Southeast
MIFI District.
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Discussion
Kriging and IDW analysis did a good job of visually displaying damage patterns
for all oak species, all pine species, water oak, and loblolly pine. IDW displayed a lot of
detail and intricacies in the amount and extent of damage. This is particularly evident
when comparing the plot level proportional damage values with the kriging and IDW
results. All oak total damage (Figure 2.2) and all pine total damage (Figure 2.3) at the
plot level reveals levels of high damage interspersed with areas of low to no damage
similar to the IDW results. These areas of high and low damage identified by the IDW
could be a result of the data and the way in which this interpolation method is calculated.
The primary difference between IDW and kriging interpolations is the way the weights
are calculated. Weights are used to estimate values at unknown locations and are optimal
in the sense that they minimize the error in the prediction, and are unbiased. Kriging uses
the minimum variance method to calculate the weights, whereas IDW applies a weighting
scheme that is proportional to distance, which tends to concentrate values around known
observations.
The plot locations for the species used in this analysis were fairly well distributed
across the study area (see Figures 2.2 and 2.3); however, pockets of little to no damage
identified by IDW could be explained by a lack of plots within that specific area. This is
readily apparent when examining pine species and loblolly pine damage in Pearl River
County, MS. There is a visible gap in sample plots located on the west side of the storm
track within this county. The lack of plots in the western half of this county is very
apparent when examining the IDW interpolations for all pine species and loblolly pine.
This pocket is not evident in the kriging interpolation.
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These areas of high and low damage identified by IDW interpolation could also
be a result of the sporadic nature of individual storm cells within the feeder bands of the
storm. Feeder bands absorb moisture from the ocean and are characterized as squally
bands of showers with strong gusty winds and heavy rains (Huschke 1959, Michael
Crosby personal communication, 2011). The varying intensity of these feeder bands
could help explain some of the areas of high and low damage. Hurricane Katrina also
produced eleven known tornados within Mississippi (Knabb et al. 2005) this exemplifies
the overall sporadic nature of severe wind events.
Kriging analysis readily identified a north-northeast damage trend in all species
utilized in this portion of research and visually displayed the same trend. This
interpolation method displays the broad scale damage trend within the study area. This is
because the semivariograms identified a very large distance across which tree damage
was related. It also identified some directionality that might be associated with the
meteorology of Hurricane Katrina. This is particularly evident when examining the
kriging surface based on all pine species and loblolly pine (Figure 2.8 and Figure 2.14,
respectively). Damage decreases as distance from the coast and storm track increases,
and more damage is present on the eastern side of the storm track. This corresponds with
the right front quadrant of the storm known to have the most severe wind and rains
(Graumann et al. 2005 and Knabb et al. 2005). The all pine species kriging surface also
displays streaks of greater damage in northwest-southeast lines. This may be associated
with the southeast wind direction related to the counter-clockwise cyclonic rotation of
hurricanes in the northern hemisphere and Hurricane Katrina when it made landfall.
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Conclusions
Both the kriging and IDW visualization techniques are highly sensitive to the
number of neighboring points utilized in the analysis. More neighbors would display
large scale trends, whereas fewer neighbors would portray smaller local trends. With
kriging one can also change the model type and search direction to an inappropriate
model thus skewing the results. The same input data was used in both interpolation
techniques, producing results that were regionally similar but varied at the local scale.
This is likely due to the differences in the ways these interpolations are calculated;
kriging uses a distance and statistical approach while IDW is based merely on distance.
Both interpolation techniques provided valuable insight into the intricacies and
patterns of forest damage caused by Hurricane Katrina that previously have not been
explored. They both identified a decrease in damage as distance from the coast and storm
track increased. Kriging analysis also identified a north-northeast damage trend in all of
the species examined. The results of this analysis were used as a visualization tool to try
and identify any damage patterns across the study area, the following chapters will
attempt to quantify and explain some of these general damage patterns.
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CHAPTER III
REGRESSION TREE AND LOGISTIC REGRESSION ANALYSIS OF TREE
SPECIES DAMAGE CAUSED BY HURRICANE KATRINA IN
SOUTH MISSISSIPPI
Introduction
Classification and regression tree analysis (CART) and logistic regressions have
been used periodically for hurricane damage modeling (Kupfer et al. 2008, Oswalt and
Oswalt 2008, Wang and Xu 2008, Xi et al. 2008). Most studies have focused on
comparing the predictive and descriptive abilities of each method. The objective of this
study is to first break levels of damage into homogenous groups based on distance to
coast and storm track or plot-level variables (LMH, QMD, TPH) using regression tree
analysis (RTA). Based on these groups, forward stepwise logistic regressions will be
conducted to identify significant predictor variables that can be utilized to predict
Hurricane Katrina wind damage in major tree species of the Southeast MIFI District.
A multitude of studies have examined the biotic and abiotic factors that contribute
to windthrow and shear occurrences following severe wind disturbances on forest lands.
Hurricanes affecting the southeastern United States have been a primary focus for many
researchers’ and current research covers many different tree species, locations, wind
disturbances, and abiotic factors. Methods and results of these studies as they relate to
forest damage in southeastern Mississippi generated by Hurricane Katrina are here
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reviewed and grouped into the following categories: species, tree size, forest
fragmentation, and tree roots and soil.
Species
Cooper-Ellis et al. (1999) simulated a hurricane on a study area similar to the area
damaged by a hurricane that occurred in central Massachusetts in 1938. The study area
was dominated by 75-year old red oak (Quercus rubra L.) and red maple (Acer rubrum
L.). Trees were mechanically winched over until the roots or bole failed and the crown
forced the tree over. Approximately 80% of all canopy hardwood trees and all eastern
white pine (Pinus strobus L.) were damaged in the experimental hurricane as per 1938
damage records. Tree damage data showed that the majority of uprooted trees were red
oak and paper birch (Betula papyrifera Marsh.), some of the largest trees present on the
site. Trees that remained bent after winch pressure was released were primarily small
hickory (Carya) species and red maple.
Oswalt and Oswalt (2008) examined the accuracy of initial damage assessments
conducted by the United States Forest Service in Mississippi following Hurricane
Katrina. Species data were divided into the five damage zones derived from Jacobs
(2007). The individual tree species suffering the highest proportion of damage (31% of
545 recorded trees) was sweetbay (Magnolia virginiana L.), followed by laurel oak
(Quercus laurifolia Michaux 22% of 124 trees) and slash pine (Pinus elliottii Engelm.
19% of 1306 trees). Across all zones hardwood trees experienced more damage than
softwood species (Oswalt and Oswalt 2008). Hardwoods also experienced more severe
damage in the form of shear, lean damage, and windthrow (Oswalt and Oswalt 2008).
This research also found that as distance from landfall increased softwood species (i.e.
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pine) damage decreased, whereas hardwoods continued to experience proportionally
more damage than softwood species. Oswalt and Oswalt’s (2008) findings are similar to
that of Chapman et al. (2008), whose study took place within Louisiana’s Pearl River
Wildlife Management Area following Hurricane Katrina. Their analysis found water oak
and red maple sustained the highest levels of damage, while bitter pecan (Carya x
lecontei L.) and sweetgum (Liquidambar styraciflua L.) sustained intermediate levels of
damage. Permanently inundated plots in the southern limit of their study area, which
experienced Katrina’s highest wind speeds, sustained the lowest amount of damage.
These plots were comprised of strictly black gum (Nyssa sylvatica Marsh.) and
baldcypress (Taxodium distichum (L.) Rich.) (Chapman et al. 2008).
Previous research indicates that softwoods are more susceptible to wind-related
damage than hardwood species. Foster and Boose (1992) found that eastern white pine
and eastern hemlock (Tsuga canadensis (L.) Carrière) comprised the majority of severely
damaged forest species in their study of the effects of the 1938 hurricane on the Harvard
Forest. All of the Tsuga stands and 63-94% of the stands dominated by Pinus or Tsuga
sustained >75% damage (Foster and Boose 1992). In contrast, hardwood forests, black
spruce (Picea mariana Mill.) swamp, and plantations (comprised predominantly of red
pine (Pinus resinosa Aiton) were more represented in the lower damage classes. More
than 85% of the plantations experienced <25% damage and Picea stands were evenly
distributed between 25-50% and 51-75% damage (Foster and Boose 1992). Only 31% of
the hardwood-eastern white pine stands sustained >75% damage (Foster and Boose
1992). Peterson (2000) found in his analysis of two tornado events within Pennsylvania
that American beech (Fagus grandifolia Ehrh.) and eastern hemlock were most likely to
be uprooted, whereas red maple, sugar maple (Acer saccharum Marsh.), and black cherry
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(Prunus serotina Ehrh.) trees were almost equally likely to experience shear or
windthrow (Peterson 2000).
In contrast to the previously mentioned studies, Peterson (2004) found no
correlation of species specific damage rates in his study of severe wind events in the
Boundary Waters Canoe Area Wilderness of Superior National Forest in Minnesota. He
found balsam fir (Abies balsamea (L.) Mill.) and northern whitecedar (Thuja occidentalis
L.) to be both the most damaged at one study site and the least damaged at another site.
There also seemed to be no pattern of greater vulnerability of conifers relative to
hardwoods; cottonwood (Populus) species were less windfirm than most of the
coniferous species (Peterson 2004).
Tree Size
Many studies have found a positive correlation between tree diameter at breast
height (DBH) and damage. Cooper-Ellis et al. (1999) found damage levels increased, in
all species examined, up to 15 cm DBH and decreased in subsequent larger size classes.
Xi et al. (2008) examined wind damage from Hurricane Fran, Hurricane Hugo, and a
tornado that occurred in William B. Umstead State Park in North Carolina using
polytomous logistic regressions. Multiple linear regressions were used to assess the
amount of variation in the data explained by the model and the relative importance of the
independent variables (Xi et al. 2008). In both the Duke Forest and the Umstead Park
studies, tree DBH was found to be a significant predictor of damage, with larger trees
being more susceptible to damage (Xi et al. 2008). Oswalt and Oswalt (2008) also found
that tree DBH consistently affected the probability of trees suffering wind-related damage
in their study of Hurricane Katrina damage within Mississippi.
47

Peterson (2000) had similar results to those mentioned above in his examination
of the damage caused by two tornadoes (1985 and 1994) which affected different but
comparable areas of the Tionesta Scenic and Research Natural Areas in northwestern
Pennsylvania, USA. His research found that whether trees remained standing, damaged
or fallen varied significantly among size classes, with trees in the larger size classes much
more likely to be uprooted or broken, and small trees and saplings likely to remain alive
and standing. Larger tree DBH also displayed higher damage rates in Peterson’s 2004
study in the Boundary Waters Canoe Area Wilderness in Minnesota, USA. This
corroborates what Putz et al. (1983) found in their study involving shear and windthrow
damage to trees on Barro Colorado Island in the Panama Canal. Putz et al. (1983) found
trees that uprooted were significantly larger in DBH than trees that were sheared, and
windthrown trees were taller than those trees that received shear damage.
Foster and Boose (1992) found in their study of the effects of the hurricane of
1938 on the Harvard Forest that damage increased linearly with increasing tree height.
Severe windthrow, classified as greater than 75% of the trees damaged, was reached in
most stands with an average stand height of 25 m (Foster and Boose 1992). In contrast,
Peterson’s (2004) study found that ranked height was not consistently better than DBH as
a predictor of tree mortality. Peltola (1996) found that the root-soil plate anchorage of
Scots pine (Pinus sylvestris L.) 24 m in height is 1.6 times greater than that of Scots pine
trees 20 m in height. However, the turning moment of trees 24 m in height is about 1.8
times greater at the same wind speed than that of trees 20 m in height. Turning moment
is explained as the amount of lateral force applied to the stem needed to exceed the rootsoil holding strength of the tree (Putz et al. 1983). In Peltola’s (1996) study of Scots
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pine, this means that taller trees, although they may have larger/deeper root systems, are
slightly more susceptible to wind damage than those shorter in height.
Forest Fragmentation
Forest fragmentation has been examined extensively as a highly contributive
factor to wind damage in forests. Forest fragmentation is explained as the break-up of
contiguous forest cover via the creation of open spaces. An example of this would be
adjacent stand clear-cut harvesting or, in some cases, heavy thinning of pine plantations.
Large open spaces in the forest canopy can increase wind speeds and thus increase the
amount of damage. Zeng et al. (2009) examined fragmentation of a predominantly
Norway spruce (Picea abies (L.) Karst.) and Scots pine forest in central Finland. Stand
inventory data collected in 2001 were used as the basis of this research. A H*Wind
product obtained from the Hurricane Research Division (HRD) of the National Hurricane
Center (NHC) was used to predict the threshold wind speeds lasting ten minutes in
duration at which trees will be uprooted and/or broken at the upwind stand edge. A tree
is assumed to be uprooted if the maximum bending moment (turning moment) exceeds
the resistance of the root-soil plate. All the models that were run in this research suggest
that a contiguous forest landscape is less susceptible to wind damage than a fragmented
forest landscape. Factors that can contribute to gaps within forests are previous wind
damage, insect or disease damage, stands adjacent to recently clear-cut areas, urban areas
and other anthropogenic features.
Schelhaas (2008) examined the influence of different silvicultural thinning
approaches using the Forest Genetics, Ecology, Management and Wind (ForGEM-W)
software to simulate timber production and wind stability in Douglas-fir stands. The
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study used a model-based approach to investigate thinning regimes and the timber stands
subsequent susceptibility to wind damage. His results demonstrated that the silvicultural
thinning approaches resulting in the lowest height/diameter ratio suffered the least
amount of damage. Low height/diameter ratios were attained through low stand
densities. Furthermore, low height/diameter ratios imply high diameter growth, and thus
a shorter rotation, which in turn lowers the time that stands are at risk. Age within the
stand also emerged as a significant predictor of damage susceptibility. Uneven-aged
systems were found to suffer less wind damage and have a higher rate of timber growth
in comparison to even-aged systems. These findings coincide with Roberts et al. (2007)
who found plots of Douglas-fir with the highest h/d ratios sustained the greatest wind
damage. They also found that research plots that were recently thinned experienced more
wind damage when compared to control plots that were not thinned.
Peltola’s (1996) study of turning moment for Scots pine along clear-cut areas
corroborates the findings of Schelhass (2008) and Zeng et al. (2009). He found stand
density and stand height were the major factors influencing the turning moment of trees.
For example, the total turning moment of trees along the stand edge increased with
increasing tree height and decreased with increasing stand density. Wind speeds were
dependent on clear-cut size, tree height, and stand density.
Tree Roots and Soil
Roots not only absorb and transport water and nutrients but are a vital element of
a tree’s overall stability. The tree root system is comprised of relatively large, woody,
long-lived roots supporting small, short-lived, absorbing roots. Tap roots are common in
pines and in species that have large seeds (oaks, hickories, chestnuts, walnuts). Site
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conditions greatly influence the form and pattern of root development. Species adapted
to sites characterized by summer droughts may possess deep-penetrating tap roots, as
found in pines, upland oaks, and hickories. Where the water table is near the surface, as
in swamps or peat bogs, root systems are shallow. Although many species exhibit deep
rooting in sandy soils, rooting depth may be severely shortened where impermeable or
poorly aerated soil layers occur near the surface (Barnes et al. 1998).
The most important physical forces determining the consistency of a particular
soil are its cohesive and adhesive strength and the angle of internal friction (Mergen
1954). Non-cohesive materials, such as dry sands, anchor trees through frictional forces
only and these sandy soils are most resistant when their moisture content is at or close to
field capacity (Mergen 1954). Wang and Xu’s (2008) research of Hurricane Katrina
induced tree damage along the Lower Pearl River Basin found forests on endoaquept and
sulfaquept soil types were the most susceptible to hurricane damage. Endoaquept soils
are primarily wet soils and commonly have a high water table (Soil Survey Staff 1999).
Sulfaquept soils are characterized as loamy or clayey with an extremely high acidity and
are known to be almost permanently saturated (Soil Survey Staff 1999). Forests growing
on glossaqualf soils appeared to be the most resistant to Katrina’s winds (Wang and Xu
2008). Glossaqualf soils are characterized by humid climates, low base saturation, as
well as high amounts of water movement through the profile (Soil Survey Staff 1999).
Glossaqualf soils typically do not have a fragipan, duripan, or nitric horizons, thus
allowing for greater root growth and anchorage (Soil Survey Staff 1999). Larger
amounts of forest disturbance were found on wet soils located in the bottomlands.
However, as elevation increased the severity of damage decreased with more forests
experiencing light to moderate damage.
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Trousdell et al. (1965) conducted research on recently thinned loblolly pine stands
within an eight county area of North Carolina and Virginia after Hurricane Donna passed
through the area. Their research concluded that significantly greater wind damage
occurred on soils with restrictive layers present. Wind damage was also significantly
greater on soils with moderately coarse textured profiles. Coarse textured soils have
more space between soil particles, therefore providing a greater degree of drainage.
However, while coarse texture soils can provide greater drainage they are also more
easily inundated with water. This is especially problematic in extreme conditions such as
hurricane precipitation levels and storm surges. Trousdell et al. (1965) also found wind
damage to planted stands was significantly less than the damage to naturally occurring
stands. Many of the damaged trees in this study were damaged from windthrow, not bole
failure. Trousdell et al. (1965) observed that these windthrown trees main taproots would
hit the soil restrictive layer and proceed to branch out horizontally with smaller roots that
had fused together. This lack of deep penetrating roots has a direct effect on the
windfirmness of trees.
Trousdell et al. (1965) concluded that the tree damage in their study was the result
of a combination of high wind, excessive soil moisture, and failure of the soil to provide
adequate support. The moderately coarse textured soil profiles of this study became
saturated more rapidly than finer textured profiles due to a higher permeability. When
restrictive layers were present, they reduced permeability, leaving excess water within the
root zone thus leaving the tree more susceptible to windthrow. Soil texture affects the
distribution of the roots, and soil consistency influences the anchoring ability of the roots
(Mergen 1954). The pattern of root growth is greatly influenced by soil aeration, ease of
root penetration and moisture holding capacity (Mergen 1954). Loose sandy soils lead to
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the formation of deep, spreading root systems having few branches, whereas in dry clay
soils, the root systems are shallower and less wide spreading (Mergen 1954).
Soil strength is related to both soil texture and soil moisture, resulting in increased
potential for wind damage if soils are coarse or if the soil moisture is higher than average
(Trousdell et al. 1965) and decreased damage if the soils are cohesive, deep, welldrained, or all of these (Touliatos and Roth 1971). In summary, the resistance of a soil to
pressure, thrust and pull varies with texture, organic matter, colloidal material and
especially moisture content (Mergen 1954, Trousdell et al. 1965, Touliatos and Roth
1971).
Methodology
Study Area
Hurricane Katrina made landfall on August 29th, 2005 at the mouth of the Pearl
River Basin along the Mississippi and Louisiana border (Figure 3.1). The right front
quadrant of the hurricane, which is known to bring the most severe winds and rain,
traversed southeast Mississippi. The study area for this research is the Mississippi
Institute for Forest Inventory (MIFI) Southeast Forest District which contains the 15
counties that suffered the most Hurricane Katrina damage within Mississippi.
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Figure 3.1

Study area located within the Southeast MIFI Forest District, Mississippi,
USA.

With variations in physical geography throughout the Southeast MIFI Forest
District, several Level IV ecoregions are present in the district including Southern Hilly
Gulf Coastal Plain, Southern Pine Plains and Hills, Southeastern Floodplains and Low
Terraces, Gulf Coast Flatwoods, and Gulf Barrier Islands and Coastal Marshes (Chapman
2004). Vegetative cover for these regions primarily consists of longleaf (Pinus palustris
Miller), slash (P. elliottii Engelm.) and loblolly pine (P. taeda L.), as well as mixed
forests of oak (Quercus), hickory (Carya), and co-dominant pine (Chapman 2004). The
majority of the Southeast MIFI Forest District is located in the Gulf Coast Plain which is
characterized by broad and gently sloping uplands dissected by multiple streams and
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rivers, the largest of which have mature floodplains and noticeable topographic changes
(Chapman 2004). Elevation in this area ranges from sea-level along the coast and the
floodplains of the Pearl and Pascagoula River Basins, to around 152 meters in Jefferson
and Covington Counties. The lowlands of the Pearl River Basin and uplands in Lamar,
Jones, and Covington Counties were directly in Hurricane Katrina’s path.
Data
Species information and location data were obtained from the MIFI database.
Forest plot locations were derived from the MIFI data and span the 15 counties included
in the district. Following Hurricane Katrina, about 1,700 0.2-ha circular plots were
randomly installed in forest strata within the Southeast MIFI Forest District to measure
forest damage (shear and blowdown). The MIFI data included plot location (x,y
coordinates of plot centers), tree species, individual tree diameter at breast height (in),
total height (ft), damage type (shear or blowdown), and trees per acre (tpa). Other
calculated variables include Lorey’s mean height (m) and Quadratic Mean Diameter
(cm). A modified dataset was obtained from Allen (2009) which included soils data
obtained from the Natural Resources Conservation Service (NRCS) as well as
precipitation and wind data obtained through the Hurricane Research Division of the
National Oceanic and Atmospheric Administration. This database also includes slope,
aspect, and elevation data derived from a Digital Elevation Model (DEM) provided by
the Mississippi Automated Resource Information System (MARIS) which was originally
obtained from the United States Geological Survey (USGS). Other variables included in
this dataset include distance from Hurricane Katrina’s track, distance from coast, and
forest age. This study utilized the storm track established by the National Oceanic and
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Atmospheric Administration, which was defined by the lowest barometric pressure data
associated with the storm.
The dataset obtained from Allen (2009) was modified to convert all English units
to metric and to include plot frequencies and damage frequencies, as well as total plot
basal area and damaged basal area as well as Lorey’s Mean Height and Quadratic Mean
Diameter at the plot level. A complete list of variables used in analysis is given in Table
3.1. A coefficient of variation was also calculated based on tree height at the plot level.
The coefficient of variation is defined as the ratio of the standard deviation to the mean.
Quadratic mean diameter was calculated as a measure of tree size at the plot level,
since previous research indicates a correlation between tree size and the amount of
damage sustained (Oswalt and Oswalt 2008, Xi et al. 2008, Peterson 2000, Putz et al.
1983). Lorey’s mean height was calculated due to similar correlations between tree
height and damage sustained, with taller trees sustaining more damage (Oswalt and
Oswalt 2008, Xi et al. 2008, Peterson 2000, Putz et al. 1983). Lorey’s mean height
weights the contribution of trees to the stand height by their basal area (Brack 1999).

 =

∑ ∗
∑

Eq. 3.3

Lorey’s mean height is determined by multiplying the tree height (h) by the basal
area (g), then dividing the sum of this calculation by the total plot basal area (Brack
1999).
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Table 3.1

List of variable abbreviations and descriptions used in analysis of forest
damage within the Southeast MIFI District.
Variable Abbreviation.
Plot-level
Tot_Prop
BD_Prop
SH_Prop
HGT_CV
TPH
QMD
LMH
FOR_AGE
Meteorological
DURATION
MAX_DIR
HRD_GUST
HRD_SUS
PREC_T
Topographical
ELEV
SLOPE
ASPECT
Geographical
K_TRACKD
STREAM_D
COAST_D
Pedological
BULK_DEN

Variable Description
Proportion of plot total damage
Proportion of plot blowdown damage
Proportion of plot shear damage
Height coefficient of variation
Trees per hectare
Quadratic mean diameter
Lorey's mean height
Forest age
Duration of hurricane force winds
Maximum surface direction
Peak wind gusts
Sustained wind speed
Precipitation storm total
Elevation
Slope
Aspect
Distance to hurricane track
Distance to perennial streams
Distance to coast
Soil bulk density

Species of Interest
Analysis was conducted for the most abundant individual species within the study
area (Tables 3.2 and 3.3) as well as all pine species and all oak species (Tables 3.4 and
3.5). All oak species were also subdivided into upland and bottomland species groups
(Table 3.6). Upland and bottomland oaks were distinguished according to the USDA
Silvics of North America Handbook (Burns and Honkala 1990) and were confirmed by
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Dr. Andrew W. Ezell (personal communication 2011). This was done to account for
ecological differences in the preferred growing sites of different oak species
Table 3.2

Scientific and common names of individual tree species utilized in
regression tree and logistic regression analysis of damage within south
Mississippi.
Scientific Name
Pinus taeda L.
Pinus elliottii Engelm.
Pinus palustris Miller
Quercus nigra L.
Nyssa aquatica L.
Liquidambar styraciflua L.
Persea borbonia (L.) A. Sprengel
Acer species
Liriodendron tulipifera L.

Table 3.3

Common Name
loblolly pine
slash pine
longleaf pine
water oak
water tupelo
sweetgum
red bay
maple species
yellow-poplar

Tree species damage frequency summary within the Southeast MIFI
District.

Species
Loblolly pine
Slash pine
Longleaf pine
Water oak
Sweetgum
Maple
Yellow-poplar
Water tupelo
Redbay
Total
Other Species

Observations
(No.)

Species
Total
Damage
(%)

Blowdown
(%)

Shear
(%)

Damage
Obs.
(No.)

Overall
Damage
(%)*

8,924
5,389
2,659
2,277
1,261
668
662
1,661

11.18
12.53
8.61
20.69
8.56
18.11
21.30
6.56

3.42
3.56
4.66
13.70
2.46
8.53
15.86
0.78

7.77
8.96
3.95
7.16
6.11
9.88
5.44
5.78

998
675
229
471
108
121
141
109

28.22
19.09
6.48
13.32
3.05
3.42
3.99
3.08

1,245
24,746

13.09

5.38

7.71

163
3,015

4.61
85.27

5,092

10.23

5.97

4.28

521

14.73

*Other Species includes 49 species

Grand Total

29,838

3,536

* Overall damage was calculated using the damage observations for each species and
dividing this by the total damage count within the study area eg. 998 / 3,536 = 28.22%.
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Table 3.4

Scientific and common names of individual tree species within species
groups utilized in regression tree and logistic regression analysis of damage
within south Mississippi.
All Pine
Scientific Name
Pinus taeda L.
Pinus echinata Mill.
Pinus elliottii Engelm.
Pinus palustris Miller

Common Name
loblolly pine
shortleaf pine
slash pine
longleaf pine

All Oak
Scientific Name
Quercus nigra L.
Quercus alba L.
Quercus falcata Michaux
Quercus hemisphaerica
Bartram ex Willdenow
Quercus stellata Wangenheim
Quercus phellos L.
Quercus virginiana P. Mill.
Quercus pagoda Rafinesque
Quercus lyrata Walt.
Quercus michauxii Nutt.
Quercus marilandica
Muenchhausen
Quercus texana Buckley
or alternately as
Quercus nuttallii Palmer
Quercus laevis Walter
Quercus muehlenbergii Engleman
Quercus durandii Buckley
Quercus velutina Lamarck
Quercus shumardii Buckley
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Common Name
water oak
white oak
southern red oak
laurel oak
post oak
willow oak
live oak
cherrybark oak
overcup oak
swamp chestnut oak
blackjack oak

Nuttall oak
turkey oak
chinkapin oak
Durand oak
black oak
Shumard oak

Table 3.5

Tree level frequencies of damage by type for pine and oak species and
overall groups within the Southeast MIFI District.

Loblolly pine
Shortleaf pine
Slash pine
Longleaf pine
Misc. pine
All Pine

8,924
383
5,389
2,659
167
17,522

Species
Total
Damage
(%)
11.18
7.83
12.53
8.61
10.78
11.13

Water oak
White Oak
Other red oak
Southern red
oak
Laurel oak
Post oak
Willow oak
Live oak
Other white
oak
Cherrybark
oak
Overcup oak
Swamp
Chestnut oak
Blackjack oak
Nuttall oak
Turkey oak
Chinkapin oak
Durand oak
Black oak
Shumard oak
All Oak

2,277
348
264
247

20.86
15.80
17.80
17.00

13.70
10.06
8.71
14.57

7.16
5.75
9.09
2.43

475
55
47
42

13.43
1.56
1.33
1.19

206
173
139
71
66

8.74
4.62
10.79
5.63
15.15

5.34
2.31
7.91
0.00
12.12

3.40
2.31
2.88
5.63
3.03

18
8
15
4
10

0.51
0.23
0.42
0.11
0.28

29

6.90

6.90

0.00

2

0.06

27
23

3.70
4.35

0.00
4.35

3.70
0.00

1
1

0.03
0.03

15
14
14
4
3
3
2
3,925

13.33
7.14
0.00
25.00
0.00
0.00
100.00
17.43

6.67
0.00
0.00
25.00
0.00
0.00
50.00
11.36

6.67
7.14
0.00
0.00
0.00
0.00
50.00
6.06

2
1
0
1
0
0
2
684

0.06
0.03
0.00
0.03
0.00
0.00
0.06
19.34

Other Species

8,391

10.83

5.05

5.78

902

25.71

Species

Observations
(No.)

Blowdown
(%)

Shear
(%)

Damage
Obs.
(No.)

Overall
Damage
(%)*

3.42
2.87
3.56
4.66
4.79
3.65

7.77
4.96
8.96
3.95
5.99
7.48

998
30
675
229
18
1,950

28.22
0.85
19.09
6.48
0.51
55.15

*Other Species includes 34 species

29,838
3,536
Grand Total
* Overall damage was calculated using the damage observations for each species and
dividing this by the total damage count within the study area eg. 998 / 3,536 = 28.22%.
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Table 3.6

Tree level damage frequencies showing oak subgroups, upland and
bottomland oaks within the Southeast MIFI District.

Species

Observations
(No.)

Species
Total
Damage
(%)

Blowdown
(%)

Shear
(%)

Damage
Obs.
(No.)

Overall
Damage
(%)*

348
264

15.80
17.42

10.06
8.71

5.75
9.09

55
46

1.56
1.30

247
173
66
15
14
4
3
3
1,137

17.00
4.62
15.15
13.33
0.00
25.00
0.00
0.00
14.42

14.57
2.31
12.12
6.67
0.00
25.00
0.00
0.00
9.50

2.43
2.31
3.03
6.67
0.00
0.00
0.00
0.00
5.01

42
8
10
2
0
1
0
0
164

1.19
0.23
0.28
0.06
0.00
0.03
0.00
0.00
4.64

2,277
206
139
71
29
27

20.69
8.74
10.79
5.63
6.90
3.70

13.70
5.34
7.91
0.00
6.90
0.00

7.16
3.40
2.88
5.63
0.00
3.70

471
18
15
4
2
1

13.32
0.51
0.42
0.11
0.06
0.03

23
14
2
2,788

4.35
7.14
100.00
18.47

4.35
0.00
50.00
12.12

0.00
7.14
50.00
6.49

1
1
2
515

0.03
0.03
0.06
14.56

25,912

11.03

4.11

6.93

2,857

80.80

Upland Oaks
White oak
Other red oak
Southern red
oak
Post oak
Other white oak
Blackjack oak
Turkey oak
Chinkapin oak
Durand oak
Black oak
Combined
Bottomland Oaks
Water oak
Laurel oak
Willow oak
Live oak
Cherrybark oak
Overcup oak
Swamp chestnut
oak
Nuttall oak
Shumard oak
Combined
Other Species
*Other Species includes 39 species

Grand Total

3,536

29,838

* Overall damage was calculated using the damage observations for each species and
dividing this by the total damage count within the study area eg. 55 / 3,536 = 1.56%.
Data Analysis
Classification and Regression Tree Analysis (CART)
CART is a non-parametric statistics technique used to explain the variation of a
single response variable in relation to one or more explanatory variables (De’ath and
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Fabricius 2000, Steinberg and Colla 1997, and Breiman et al. 1984). In CART the
response variable can either be categorical (classification trees) or numeric (regression
trees), and the explanatory variables can be categorical and numeric (De’ath and
Fabricius 2000). The primary objective of CART is to partition the response variable
into homogeneous groups, but to also keep the classification or regression tree relatively
small and simple to work with (De’ath and Fabricius 2000, Steinberg and Colla 1997).
Development of the classification or regression tree starts with a root node (Figure
3.2), which includes the entire dataset (De’ath and Fabricius 2000, Lewis 2000). The
CART software examines the dependent variables as possible splitting criteria and their
values to choose the next split (Lewis 2000, Steinberg and Colla 1997). Splitting criteria
are chosen based on the homogeneity, or purity, of the resulting child nodes (Lewis 2000,
Steinberg and Colla 1997). This node splitting process is repeated for each child node
until the maximum classification of the data has occurred, resulting in ‘Terminal Nodes’
(Lewis 2000, Steinberg and Colla 1997). This results in what is termed the ‘Over-fit
Tree’ (Lewis 2000, Steinberg and Colla 1997).
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Figure 3.2

Typical layout of an over-fit classification or regression tree.

The final step in CART analysis involves pruning the over-fit tree. This results in
smaller and simpler trees, through the removal of child nodes. Pruning can be performed
manually using heuristic methods, and can also be done based on the cost-complexity
parameter (CP) (Lewis 2000, Steinberg and Colla 1997). As an over-fit tree is grown, the
cross-validation relative error may increase (Lewis 2000, Steinberg and Colla 1997).
This is visually apparent when plotting the cross-validation relative error against the costcomplexity parameter. In this study, pruning was conducted using the highest crossvalidation error less than one standard error above the minimum cross-validation error or
the 1 – SE method (Steinberg and Colla 1997). The CP value is a measure of how much
additional accuracy a split will add to the entire tree (Lewis 2000, Steinberg and Colla
1997). As the CP value increases, a greater amount of nodes are pruned away, resulting
in a simpler, more accurate, classification/regression tree (Lewis 2000, Steinberg and
Colla 1997). In terms of this study, as nodes split to the right, the mean percentage of

63

basal area damaged increases, while splits to the left show relative decreases in the mean
percentage of basal area damaged.
The response variable for RTA at the plot level was the ratio of damaged basal
area to total basal area for each species. This was initially conducted using only distance
variables (distance to coast, and distance to Hurricane Katrina’s track). This was done to
create different damage zones within the SE MIFI district. In the event that there was no
relationship between damage type and distance to coast/track, RTA was then conducted
using stand-level variables (LMH, QMD, and TPH). If there was still no relationship
between damage and stand-level variables, the particular tree species and damage type
was removed from further analysis. No relationship was determined when the pruning of
the tree resulted in only a root node.
Logistic Regression
The pruned regression trees identified the distance and plot-level variables that
were significant predictors of damage. To obtain further information about the nature of
these relationships, forward stepwise logistic regressions (LR) were run on the plot
classifications from each terminal node using all abiotic and biotic variables available in
the dataset. A logistic regression was utilized to analyze this data because of the
binomial nature of the dependent variable being predicted (0 = no damage, 1 = damage).
The goal of conducting logistic regression is similar to that of any model-building
technique found in statistics; to find the best fitting and most practical, yet biologically
reasonable model to describe the relationship between an outcome and a set of
independent variables (Hosmer and Lemeshow 1989). A logistic regression differs from
a linear regression in that the outcome variables in a logistic regression are binary or
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dichotomous (Hosmer and Lemeshow 1989). For this research multiple predictor
variables were present.
Results
RTA and LR Results for Loblolly Pine
Total Damage
Starting with the most abundant tree species within the dataset, loblolly pine
(3.4% blowdown damage and 7.8% shear damage), RTA displays an over-fit regression
tree with eleven terminal nodes. The over-fit regression tree is based solely on distance
to coast and distance to Hurricane Katrina’s track. The cross-validation relative error
versus CP plot shows that pruning the regression tree back to only three terminal nodes
would maximize predictive power and drastically simplify the regression tree (Figure
3.3).
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Figure 3.3

Cross-validation relative error versus cost-complexity parameter for total
damage of loblolly pine indicating lowest amount of error associated with a
regression tree with three terminal nodes.

The three-node RTA (Figure 3.4) identified that 7% mean total damage can be
explained by plots greater than or equal to 102 km from the coast (Node 1, 321 plots),
10% of mean total damage was explained by plots greater than or equal to 48.92 km from
Katrina’s track and less than 102 km from the coast (Node 2, 180 plots), and 25% mean
total damage was explained by plots less than 48.92 km from Katrina’s track and less
than 102 km from the coast. Logistic regressions were then run for each of these three
nodes in order to thoroughly examine all possible predictors of damage. Results indicated
(Table 3.7) that for plots greater than or equal to 102 km from the coast (Node 1), the
probability of damage increased with sustained wind speed and soil bulk density and
decreased with height variation, aspect, and total precipitation. For (Node 2, 180 plots)
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plots
lots greater than or equal to 48.92 km from Katrina’s track and less than 102 km from
the coast (10% mean total damage)
damage), the probability of damage increased with QMD and
TPH and decreased with LMH, height variation, and forest age
age. For (Node 3, 207 plots)
plots
lots less than 48.92 km from Katrina’s track and less than 102 km from the coast (25%
(25
mean total damage), the probability of damage increased with forest age and decreased
with height variation.

Figure 3.4

Pruned regression tree for total damage of loblolly pine
pine, indicating that
plots less than 102 km from the Mississippi coast and less than 48.9 km
from Hurricane Katrina’s track suffered the greatest damage.
damage
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Table 3.7

Summary of forward stepwise logistic regression for loblolly pine total
damage, based on the terminal nodes of the pruned RTA.
Node 1

Parameter

Estimate

Intercept

-18.9633

HGT_CV

1

Node 2
Pr>ChiSq
0.0058

-0.2034
2

HRD_SUS
ASPECT
3

BULK_DEN

4

0.4415

0.6679

0.3666

0.0001

5

-0.2246

0.0004

-0.4090

0.0002

0.0244

<0.0001

-0.0359

0.0089

QMD

<0.0001

-0.0035

0.0043

HGT_CV

0.0347

6

LMH
TPH

7

0.0351

FOR_AGE

0.3344

Hosmer & Lemeshow
Goodness-of-Fit

Pr>ChiSq

4

0.0545

9.7190

Estimate

Intercept

<0.0001

-0.1894

PREC_T

Parameter

0.5862

Node 3
Parameter

Estimate

Pr>ChiSq

Intercept

0.2198

0.5918

HGT_CV

-0.1691

0.0120

0.0206

0.0255

FOR_AGE

Hosmer & Lemeshow
Goodness-of-Fit
1

2

3

4

Height coefficient of variation
Total precipitation
5
Quadratic mean diameter
7
Forest age

0.6369

Hard sustained winds
Soil bulk density
6
Trees per hectare

Shear Damage
Shear damage in pines, particularly loblolly and slash pine, was the predominant
damage type for these species (nearly double the percentage of blowdown damage, 3.4%
blowdown damage versus 7.8% shear damage). The over-fit regression tree for loblolly
pine shear damage (based on distance variables) resulted in a regression tree with nine
terminal nodes. This was pruned back to three terminal nodes based on the 1 – SE
method, and the cross-validation relative error versus CP plot (Figure 3.6).
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Figure 3.5

Cross-validation relative error versus cost-complexity parameter for shear
damage of loblolly pine indicating lowest amount of error associated with a
regression tree with three terminal nodes.

The pruned regression tree for shear damage is quite similar to that of loblolly
pine total damage, with both using the same splitting criteria but slightly different break
values. The three-node RTA (Figure 3.6) identified that 5% of the mean shear damage
was explained by plots greater than or equal to 99.38 km from the coast (Node 1, 332
plots), 7% of mean shear damage was explained by plots greater than or equal to 48.92
km from Katrina’s track and less than 99.38 km from the coast (Node 2, 176 plots), and
18% of mean shear was explained by plots less than 48.92 km from Katrina’s track and
less than 99.38 km from the coast. Logistic regressions were then run for each of these
three nodes. Results indicated (Table 3.8) that for plots greater than or equal to 99.38 km
from the coast (Node 1), the probability of damage increased with sustained wind speed
and decreased with height variation and aspect. For plots greater than or equal to 48.92
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km from Katrina’s track and less than 99.38 km from the coast (Node 2), the probability
of damage increased with QMD and TPH and decreased with LMH, height variation, and
forest age. For plots less than 48.92 km from Katrina’s track and less than 99.38 km
from the coast (Node 3), the probability of damage increased with forest age and
decreased with distance from the coast.

Figure 3.6

Pruned regression tree for shear damage to loblolly pine, indicating that
plots less than 99.3 km from the Mississippi coast and less than 48.9 km
from Hurricane Katrina’s track suffered the greatest damage.
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Table 3.8

Summary of forward stepwise logistic regression for loblolly pine shear
damage, based on the terminal nodes of the pruned RTA.
Node 1

Node 2

Parameter Estimate
Pr>ChiSq
-4.8217
0.0001
Intercept
1
-0.1317
0.0079
HGT_CV
2
0.0349
<0.0001
HRD_SUS
-0.0031
0.0112
ASPECT

Hosmer & Lemeshow
Goodness-of-Fit

Parameter
Estimate Pr>ChiSq
-0.9405
0.3769
Intercept
3
0.3323
0.0010
QMD
4
-0.1527
0.0143
LMH
-0.4217
0.0007
HGT_CV
5
0.0264
<0.0001
TPH
6
-0.0377
0.0099
FOR_AGE
0.4493

0.9341

Node 3
Parameter Estimate Pr>ChiSq
-0.2382
0.5935
Intercept
0.0317
0.0005
FOR_AGE
7
-0.0128
0.0238
COAST_D
0.3123
Hosmer & Lemeshow
Goodness-of-Fit
1

Height coefficient of variation
3
Quadratic mean diameter
5
Trees per hectare
7
Distance from the coast

2

Hard sustained winds
Lorey’s mean height
6
Forest age
4

Blowdown Damage
Blowdown damage was relatively minimal with only 3.4% of all loblolly pine
trees suffering from blowdown damage. This is also where the greatest difference in
RTA and LR results occurred. The over-fit regression tree for loblolly pine blowdown
damage (based on distance variables) resulted in a regression tree with 7 terminal nodes.
This was pruned to 4 terminal nodes based on the 1 – SE method, and the crossvalidation relative error versus CP plot. The four-node RTA (Figure 3.7) and LR (Table
3.9) identified, that for (Node 1, 334 plots) plots greater than or equal to 96 km from the
coast and greater than or equal to 2.97 km from Katrina’s track (2% of the mean
blowdown damage), the probability of damage increased with TPH, wind duration, and
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elevation and decreased with height variation. For (Node 2, 132 plots) plots greater than
or equal to 56.89 km from Katrina’s track and less than 96 km from the coast (2% of the
mean blowdown damage) and (Node 3, 204 plots) plots between 2.97 and 56.89 km from
Katrina’s track but less than 96 km from the coast (6% of the mean blowdown damage)
the LR identified identical variables. For these plots, the probability of damage increased
with TPH and decreased with LMH and height variation. For (Node 4, 38 plots) plots
less than 2.97 km from Hurricane Katrina’s track (11% of the mean blowdown damage),
the probability of damage increased with forest age and decreased with LMH.

Figure 3.7

Pruned regression tree for blowdown damage to loblolly pine, indicating
that plots less than 2.9 km from the Mississippi coast suffered the greatest
damage.
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Table 3.9

Summary of forward stepwise logistic regression for loblolly pine
blowdown damage, based on the terminal nodes of the pruned RTA.
Node 1

Node 2

Parameter
Estimate Pr>ChiSq
-3.3309
0.00080
Intercept
1
-0.729
<0.0001
HGT_CV
2
0.0122
<0.0001
TPH
3
0.3353
0.02000
DURATION
0.0268
0.00240
ELEVATION
<0.0001
Hosmer & Lemeshow
Goodness-of-Fit

Parameter
Intercept
LMH4
HGT_CV
TPH

Estimate Pr>ChiSq
3.8504
0.0053
-0.3027
0.0003
-0.6659
0.0029
0.0123
0.0067
0.5084

Node 4

Node 3
Parameter
Estimate Pr>ChiSq
1.1992
0.0516
Intercept
-0.1010
0.0072
LMH
-0.5439
<0.0001
HGT_CV
0.0103
0.0046
TPH
0.8098
Hosmer & Lemeshow
Goodness-of-Fit
1

Parameter
Estimate Pr>ChiSq
-1.3228
0.5161
Intercept
-0.2541
0.0457
LMH
5
0.1090
0.0064
FOR_AGE
0.1200
2

Height coefficient of variation
3
Duration of hurricane force winds
5
Forest age

4

Trees per hectare
Lorey’s mean height

RTA and LR Results for Slash Pine
Total Damage
The RTA for the second most abundant tree species within the Southeast MIFI
District, slash pine (3.5% blowdown damage and 8.9% shear damage), displays an overfit regression tree with nine terminal nodes. The over-fit regression tree is based solely
on distance to coast and Hurricane Katrina’s track. The cross-validation relative error
versus CP plot shows that pruning the regression tree to two terminal nodes would
minimize the amount of error and simplify the regression tree (Figure 3.8). The two-node
RTA (Figure 3.9) and LR (Table 3.10) identified that (Node 1, 255 plots) plots greater
than or equal to 49.41 km from Katrina’s track (6% mean total damage), the probability
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of damage increased with TPH and decreased with height variation. For (Node 2, 262
plots) plots less than 49.41 km from Katrina’s track (19% mean total damage), the
probability of damage increased with QMD, TPH, and aspect and decreased with height
variation and distance from the coast.

Figure 3.8

Cross-validation relative error versus cost-complexity parameter for total
damage of slash pine indicating lowest amount of error associated with a
regression tree with two terminal nodes.
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Figure 3.9

Table 3.10

Pruned regression tree for total damage of slash pine, indicating that plots
less than 49.4 km from Hurricane Katrina’s track suffered the greatest
damage.
Summary of forward stepwise logistic regression for slash pine total
damage, based on the terminal nodes of the pruned RTA.
Two Node RTA

Node 1
Parameter
Intercept
HGT_CV1
TPH2

Estimate Pr>ChiSq
-0.0128
0.9762
-0.4788
<0.0001
0.0079
0.0098

Hosmer & Lemeshow
Goodness-of-Fit
1
3

Node 2
Parameter
Intercept
QMD3
HGT_CV
TPH
ASPECT
COAST_D4

0.0261

Height coefficient of variation
Quadratic mean diameter

2
4

Estimate Pr>ChiSq
-0.9753
0.1890
0.1520
0.0053
-0.3062
0.0008
0.0104
0.0012
0.0040
0.0010
-0.0176
0.0001
0.0599

Trees per hectare
Distance from the coast
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Shear Damage
The RTA for shear damage to slash pine plots resulted in pruning an over-fit
regression tree with 13 nodes to only two terminal nodes based on the 1 – SE method.
The RTA (Figure 3.10) split shear damage into two groups, (Node 1, 255 plots) plots
greater than or equal to 49.41 km from Katrina’s track (4% of the mean shear damage)
and (Node 2, 262 plots) plots less than 49.41 km from Katrina’s track (14% of the mean
shear damage). LR shows that plots greater than or equal to 49.41 km from the track did
not have any variables meet the variables meet the α = 0.05 for entry into the subsequent
logistic regression. For plots less than 49.41 km from Katrina’s track, probability of
damage increased with QMD, TPH, and aspect and decreased with height variation and
forest age (Table 3.11).

76

Figure 3.10

Pruned regression tree for shear damage to slash pine, indicating that plots
less than 49.4 km from Hurricane Katrina’s track suffered the greatest
damage.
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Table 3.11

Summary of forward stepwise logistic regression for slash pine shear
damage, based on the terminal nodes of the pruned RTA.
Node 2
Parameter
Estimate Pr>ChiSq
-0.5087
0.5104
Intercept
1
0.1753
0.0021
QMD
2
-0.3503
0.0004
HGT_CV
3
0.0097
0.0021
TPH
0.0027
0.0227
ASPECT
4
-0.0229
0.0198
FOR_AGE
5
-0.0146
0.0010
COAST_D
Hosmer & Lemeshow
0.9256
Goodness-of-Fit
*Node 1 had no variables meet the entry
criteria
1

Quadratic mean diameter
3
Trees per hectare
5
Distance from the coast

2
4

Height coefficient of variation
Forest age

Blowdown Damge
The RTA of blowdown damage for slash pine plots initially displayed no
relationship with distance variables (distance to coast/Katrina’s track), thus RTA was
conducted using stand-level variables (LMH, QMD, TPH). The over-fit regression tree
resulted in a regression tree with nine terminal nodes, and after 1 – SE pruning the
regression tree was pruned to four terminal nodes. Slash pine trees were similar to
loblolly pine in that they suffered predominantly from shear damage instead of blowdown
damage. The RTA (Figure 3.11) and FLSR (Table 3.12) indicated for (Node 1, 330
plots) plots with LMH greater than or equal to 15.56 m (2% of the mean blowdown
damage), the probability of damage increased with TPH, sustained wind speed, and forest
age, and decreased with distance from the coast. For (Node 2, 106 plots) plots with LMH
between 7.77 and 15.56 m and QMD less than 7.54 cm (2% of the mean blowdown
damage), the probability of damage increased with total precipitation and TPH and
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decreased with LMH and aspect. For (Node 3, 63 plots) plots with LMH between 7.77
and 15.56 m and QMD greater than or equal to 7.54 cm (14% of the mean blowdown
damage), the probability of damage increased with LMH and decreased with height
variation and distance from the coast. Plots (Node 4, 16 plots) with LMH less than 7.77
m (21% of the mean blowdown damage) had no variables meet the α = 0.05 for entry into
the subsequent logistic regression.

Node 4

Node 2
Figure 3.11

Node 3

Pruned regression tree for slash pine blowdown damage, indicating that
plots with a Lorey’s mean height less than 7.7 m suffered the greatest
damage.
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Table 3.12

Summary of forward stepwise logistic regression for slash pine blowdown
damage, based on the terminal nodes of the pruned RTA.
Node 1

Node 2

Parameter
Estimate Pr>ChiSq
-6.1108
<0.0001
Intercept
1
0.0110
0.0003
TPH
2
0.0219
0.0057
HRD_SUS
3
0.0273
0.0250
FOR_AGE
-0.0202
0.0033
COAST_D4
Hosmer & Lemeshow
0.3349
Goodness-of-Fit

Parameter Estimate Pr>ChiSq
-3.7840
0.2155
Intercept
5
-0.3814
0.0211
LMH
0.0256
0.0002
TPH
-0.0101
0.0063
ASPECT
0.2488
0.0411
PREC_T6
0.1359

Node 3
Parameter Estimate Pr>ChiSq
-1.5699
0.5223
Intercept
0.4107
0.0369
LMH
7
-1.5073
0.0036
HGT_CV
-0.0289
0.0211
COAST_D
0.1246
Hosmer & Lemeshow
Goodness-of-Fit
*Node 4 had no variables meet the entry criteria
1

Trees per hectare
3
Forest age
5
Lorey’s mean height
7
Height coefficient of variation

2

Sustained wind speed
Distance from the coast
6
Total precipitation
4

RTA and LR Results for Longleaf Pine
Total Damage
The species with the third most observations was longleaf pine. This species was
relatively evenly damaged with approximately 4.6% damaged by blowdown and 4.0%
damaged by shear. The RTA for total damage to longleaf pine displayed no significant
relationship between damage and the distance variables (distance to coast/Katrina’s track)
and was instead based on stand-level variables (LMH, QMD, TPH). The over-fit
regression tree resulted in a regression tree with 11 terminal nodes and was pruned to
three terminal nodes based on the 1 – SE method and visual inspection of the cross80

validation relative error versus CP plot (Figure 3.12 and Figure 3.13). This was further
pruned to two terminal nodes to improve LR analysis (combining Nodes 2 and 3). The
RTA for the two node regression tree resulted in two groups. LR analysis shows that for
(Node 1, 303 plots) plots with LMH greater than or equal to 13.76 m (6% mean total
damage), the probability of damage increased with QMD and TPH and decreased with
LMH and height variation. For (Node two, 62 plots) plots with LMH less than 13.76 m
(21% mean total damage), the probability of damage decreased with height variation
(Table 3.13).

Figure 3.12

Cross-validation relative error versus cost-complexity parameter for total
damage of longleaf pine indicating lowest amount of error associated with
a regression tree with three terminal nodes.
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Figure 3.13

Pruned regression tree for longleaf pine total damage, indicating that plots
with Lorey’s mean height less than 13.7 m and quadratic mean diameter
greater than or equal to 8.1 cm suffered the greatest damage.

The significant variables that emerged from the LR for total damage to longleaf
pine plots were entirely limited to stand-level variables. The LR based on the three-node
regression tree shows that for Node 1, the likelihood of damage increased with QMD and
TPH and decreased with height variation and LMH. Node 2 (44 plots) likelihood of
damage once again decreased with an increase in height coefficient of variation. The LR
for Node 3 (18 plots) did not have any variables meet the α = 0.05 level for entry into the
logistic regression. Based on the percent concordance, the LR with two terminal nodes
provides a better fit to the data by approximately four percent (Table 3.13).
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Table 3.13

Summary of forward stepwise logistic regression for longleaf pine total
damage, based on the terminal nodes of the pruned RTA.
Three Node RTA
Node 1

Node 2

Parameter Estimate Pr>ChiSq
-1.8330
0.1041
Intercept
1
0.3088
<0.0001
QMD
2
-0.1256
0.0201
LMH
3
-0.2541
0.0031
HGT_CV
4
0.0122
0.0063
TPH
Hosmer & Lemeshow
0.5872
Goodness-of-Fit

Parameter
Intercept
HGT_CV

Estimate Pr>ChiSq
1.2865
0.1561
-0.7820
0.0150

0.3961

*Node 3 had no variables meet the entry
criteria

Two Node RTA
Node 1

Node 2

Parameter Estimate Pr>ChiSq
-1.8330
0.1041
Intercept
0.3088
<0.0001
QMD
-0.1256
0.0201
LMH
-0.2541
0.0031
HGT_CV
0.0122
0.0063
TPH
Hosmer & Lemeshow
0.5872
Goodness-of-Fit
1
3

Quadratic mean diameter
Height coefficient of variation

Parameter
Intercept
HGT_CV

Estimate Pr>ChiSq
2.1169
0.0031
-1.0193
0.0009

0.8729
2
4

Lorey’s mean height
Trees per hectare

Shear Damage
Shear damage RTA on longleaf pine plots showed no significant relationships
with either distance variables or stand-level variables, and was thus removed from the
analysis.
Blowdown Damage
A RTA based on blowdown damage in longleaf pine plots showed no significant
relationship with distance variables and was instead conducted utilizing stand-level
variables. This resulted in an over-fit regression tree featuring eight terminal nodes. This
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regression tree was then pruned to four terminal nodes based on the 1 – SE method and
visual inspection of the cross-validation relative error versus CP plot (Figure 3.14).

Figure 3.14

Cross-validation relative error versus cost-complexity parameter for
blowdown damage of longleaf pine indicating lowest amount of error
associated with a regression tree with four terminal nodes.

The four-node regression tree was further pruned to three terminal nodes to
improve LR analysis (Figure 3.15). LR analysis identified for (Node 1, 231 plots) plots
with LMH greater than or equal to 16.78 m (2% of the mean blowdown damage), the
probability of damage increased with QMD and decreased with LMH, height variation,
and distance to perennial stream. For (Node 2, 127 plots) plots with LMH between 7.5
and 16.78 m (9% of the mean blowdown damage), the probability of damage increased
with QMD and TPH and decreased with height variation. Plots (Node 3, 7 plots) with
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LMH less than 7.5 m (48% of the mean blowdown damage) had no variables meet the α
= 0.05 for entry into the subsequent logistic regression (Table 3.14).

Figure 3.15

Pruned regression tree for longleaf pine blowdown damage, indicating that
plots with Lorey’s mean height less than 7.5 m suffered the greatest
damage.

The significant variables that emerged from the LR analysis for longleaf pine
blowdown damage consisted of stand variables and one distance variable. When
examining the four terminal node RTA, the LR for Node 1 (231 plots) identified a
positive relationship between damage and QMD, and a negative relationship between
damage and LMH, height coefficient of variation and distance to nearest perennial
stream. For Node 2 (97 plots) the likelihood of damage decreased with an increase in
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height coefficient of variation and increased with an increase in TPH. The LR for Node 3
and 4 did not have any variables meet the α = 0.05 level for entry into the logistic
regression (Table 3.14). This is most likely attributed to the small sample sizes for these
nodes (Node 3 only had 30 longleaf pine plots and Node 4 was limited to 7 plots).
Pruning to three terminal nodes improves the percent concordance by over six percent.
Table 3.14

Summary of forward stepwise logistic regression for longleaf pine
blowdown damage, based on the terminal nodes of the pruned RTA.
Four Node RTA
Node 1

Node 2

Parameter
Estimate Pr>ChiSq
4.6624
0.0858
Intercept
1
0.3767
0.0005
QMD
2
-0.3279
0.0120
LMH
3
-1.2316
0.0007
HGT_CV
4
-1.4013
0.0118
STREAM_D
Hosmer & Lemeshow
0.3462
Goodness-of-Fit

Parameter
Intercept
HGT_CV
TPH5

Estimate Pr>ChiSq
-0.6599
0.4838
-0.9275
0.0151
0.0123
0.0337

0.6670

*Node 3 & 4 had no variables meet the entry
criteria

Three Node RTA
Node 1

Node 2

Parameter
Estimate Pr>ChiSq
4.6624
0.0858
Intercept
0.3767
0.0005
QMD
-0.3279
0.0120
LMH
-1.2316
0.0007
HGT_CV
-1.4013
0.0118
STREAM_D
Hosmer & Lemeshow
0.3462
Goodness-of-Fit

Parameter
Intercept
QMD
HGT_CV
TPH

Estimate Pr>ChiSq
-4.3907
0.0173
0.4727
0.0009
-0.8662
0.0092
0.0167
0.0103
0.9858

*Node 3 had no variables meet the entry criteria
1

2

3

4

Quadratic mean diameter
Height coefficient of variation
5
Trees per hectare

Lorey’s mean height
Distance from nearest perennial stream
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RTA and LR Results for Water Oak
Total Damage
Over 20 percent of all sampled water oak trees were damaged within the
Southeast MIFI District. This accounts for slightly over 13% of the total damage to the
study area. Water oaks, as well as many other hardwoods, were predominantly damaged
by blowdown (13.7%) as opposed to shear (7.1%). The RTA for total water oak damage
resulted in a regression tree with nine terminal nodes and was based on distance variables
(distance to coast/track). 1 – SE pruning (Figure 3.16) of the over-fit regression tree
resulted in a pruned regression tree with two terminal nodes (Figure 3.17). This split
total damage into two groups, plots greater than or equal to 29.53 km from Katrina’s
track (14% of the mean total damage) and plots less than 29.53 km from Katrina’s track
(27% of the mean total damage). The LR (Table 3.15) shows that for (Node 1, 345 plots)
plots greater than 29.53 km from Katrina’s track, the probability of damage increased
with TPH and decreased with height variation and slope. For (Node 2, 224 plots) plots
less than 29.53 km from Katrina’s track, the probability of damage decreased with height
variation.
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Figure 3.16

Cross-validation relative error versus cost-complexity parameter for total
damage of water oak indicating lowest amount of error associated with a
regression tree with two terminal nodes.
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Figure 3.17

Table 3.15

1

Pruned regression tree for water oak total damage, indicating that plots less
than 29.5 km from Hurricane Katrina’s track suffered the greatest damage.
Summary of forward stepwise logistic regression for water oak total
damage, based on the terminal nodes of the pruned RTA.
Node 1

Node 2

Parameter Estimate Pr>ChiSq
1.0705
0.0064
Intercept
1
-0.7692
<0.0001
HGT_CV
2
0.0060
0.0405
TPH
-0.0454
0.0170
SLOPE
Hosmer & Lemeshow
0.1370
Goodness-of-Fit

Parameter Estimate Pr>ChiSq
2.1304
<0.0001
Intercept
-0.9398
<0.0001
HGT_CV

Height coefficient of variation

0.9028
2

Trees per hectare
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Shear Damage
A RTA was conducted to examine shear damage on water oak plots, but showed
no significant relationships with either distance variables or stand-level variables and was
thus removed from analysis.
Blowdown Damage
A RTA examining blowdown damage displayed no initial relationship with
distance variables and was instead conducted using stand-level variables (QMD, LMH,
and TPH). This resulted in an over-fit regression tree with seven nodes. Initial 1 – SE
pruning resulted in a regression tree with two terminal nodes (Figure 3.18). The RTA for
water oak blowdown resulted in two groups, plots with LMH greater than or equal to 9.8
m (10% of the mean blowdown damage) and plots with LMH less than 9.8 m (40% of the
mean blowdown damage). For the taller plots, LR identified (Node 1, 322 plots) the
probability of blowdown damage increased with QMD and TPH, and decreased with
LMH, height variation, and slope. For the shorter plots (Node 2, 47 plots), probability of
damage increased with LMH and decreased with height variation (Table 3.16).
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Figure 3.18

Pruned regression tree for water oak blowdown damage, indicating that
plots with Lorey’s mean height less than 9.8 m suffered the greatest
damage.

Table 3.16

Summary of forward stepwise logistic regression for water oak blowdown
damage, based on the terminal nodes of the pruned RTA.
Two Node RTA
Node 1

Node 2

Parameter Estimate Pr>ChiSq
0.7191
0.3385
Intercept
0.1394
0.0056
QMD
-0.0751
0.0185
LMH
-1.0314 <0.0001
HGT_CV
0.0107
0.0005
TPH
-0.0398
0.0252
SLOPE
Hosmer & Lemeshow
0.7583
Goodness-of-Fit
1

Quadratic mean diameter
3
Height coefficient of variation

Parameter
Intercept
LMH
HGT_CV

Estimate Pr>ChiSq
2.2112
0.0948
0.5703
0.0089
-4.5842
0.0010

0.8829
2

Lorey’s mean height
5
Trees per hectare
Forest age
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4

RTA and LR Results for Sweetgum
Total Damage
Only 8.5 percent of sweetgum trees sampled were damaged by Hurricane Katrina
(approximately 2% blowdown and 6% shear). Because of these low damage levels, total
damage was the only RTA that displayed any significant relationships. A RTA was first
conducted using distance variables. Because no relationship was found, a second RTA
was conducted utilizing stand-level variables. This over-fit regression tree resulted in 6
terminal nodes. Pruning was conducted based on the 1 – SE method and resulted in a
regression tree with 3 terminal nodes. This regression tree was further pruned to two
terminal nodes to improve LR analysis (Figure 3.19). The final RTA for sweetgum total
damage resulted in two groups, plots with LMH greater than or equal to 13.59 m (6% of
the mean total damage) and plots with LMH less than 13.59 m (18% of the mean total
damage). The LR analysis for plots with taller trees (Node 1, 352 plots), probability of
damage increased with forest age and decreased with height variation. For the shorter
plots (Node 2, 105 plots), probability of damage increased with QMD and wind direction,
and decreased with elevation and distance from Hurricane Katrina’s track (Table 3.17).
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Figure 3.19

Pruned regression tree for sweetgum total damage, indicating that plots
with Lorey’s mean height less than 13.6 m suffered the greatest damage.
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Table 3.17

Summary of forward stepwise logistic regression for sweetgum total
damage, based on the terminal nodes of the pruned RTA.
Three Node RTA
Node 1

Node 3

Parameter
Estimate Pr>ChiSq
-1.5843
0.0214
Intercept
1
-0.6133
0.0001
HGT_CV
2
0.0431
0.0019
FOR_AGE
Hosmer & Lemeshow
0.3878
Goodness-of-Fit

Parameter
Intercept
HRD_SUS3
MAX_DIR4

Estimate Pr>ChiSq
-11.5533
0.0003
0.0670
0.0005
0.0114
0.1620
0.7716

*Node 2 had no variables meet the entry
criteria

Two Node RTA
Node 1
Parameter
Intercept
HGT_CV
FOR_AGE

Node 2

Estimate Pr>ChiSq
-1.5843
0.0214
0.0001
-0.6133
0.0431
0.0019

Hosmer & Lemeshow
Goodness-of-Fit

0.3878

1

Height coefficient of variation
3
Sustained wind speed
5
Quadratic mean diameter

Parameter
Intercept
QMD5
K_TRACKD6
MAX_DIR
ELEVATION

Estimate Pr>ChiSq
-0.4739
0.6238
0.169
0.0117
-0.0529
<0.0001
0.0129
0.0019
-0.0256
0.0100
0.7931

2

4

Forest age
Maximum wind direction
6
Distance from storm track

RTA and LR Results for Maple Species
Total Damage
Eighteen percent of all sampled maple trees were damaged by Hurricane Katrina.
This was relatively evenly split between both damage categories with approximately
8.5% damaged by blowdown and approximately 10% damaged by shear. However, these
relationships were difficult to explore using RTA and LR. A RTA was first conducted
using distance variables. Because no relationship was found, a second RTA was
conducted utilizing stand-level variables. This over-fit regression tree for maple species
total damage resulted in 13 terminal nodes. This was pruned to a regression tree with
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three terminal nodes using the 1 – SE method, and was confirmed by examining the
cross-validation relative error versus CP value plot (Figure 3.20 and Figure 3.21). This
regression tree was further pruned to two terminal nodes to improve the LR analysis. The
final RTA for maple species total damage resulted in two groups, plots with QMD less
than 12.26 cm (14% of the mean total damage) and plots with QMD greater than or equal
to 12.26 cm (36% of the mean total damage). LR analysis displayed for the plots with
smaller QMD (Node 1, 270 plots), probability of damage decreased with height variation.
Plots with a larger QMD (Node 2, 52 plots) had no variables meet the α = 0.05 for entry
into the logistic regression (Table 3.18). This could be attributed to the overall small
amount of damage incurred to maple species

Figure 3.20

Cross-validation relative error versus cost-complexity parameter for total
damage of maple species indicating lowest amount of error associated with
a regression tree with three terminal nodes.
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Figure 3.21

Pruned regression tree for maple species total damage, indicating that plots
with quadratic mean diameter less than 12.3 cm and Lorey’s mean height
less than 7.8 m and well as plots with quadratic mean diameter greater than
or equal to 12.3 cm suffered the greatest damage.

The LR based on the terminal nodes of the pruned regression tree had limited
results. When based on the three terminal node RTA, the LR for Node 1 (270 plots)
identified a negative relationship between total damage and height coefficient of
variation. The LR for Node 2 (8 plots) and 3 (52 plots) did not have any variables meet
the α = 0.05 level for entry into the logistic regression. Pruning to two terminal nodes
only improves the percent concordance by a little over two percent.
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Table 3.18

Summary of forward stepwise logistic regression for maple species total
damage, based on the terminal nodes of the pruned RTA.
Three Node RTA
Node 1
Parameter
Estimate
Pr>ChiSq
0.0901
0.8338
Intercept
1
-0.5779
0.0006
HGT_CV
Hosmer & Lemeshow
0.5926
Goodness-of-Fit
*Nodes 2 & 3 had no variables meet the entry
criteria

Two Node RTA
Node 1
Parameter
Estimate
Pr>ChiSq
0.4075
0.3209
Intercept
-0.6845
<0.0001
HGT_CV
Hosmer & Lemeshow
0.3827
Goodness-of-Fit
*Node 2 had no variables meet the entry criteria
1

Height coefficient of variation
Shear Damage

The over-fit regression tree for shear damage to maple species resulted in a
regression tree with seven terminal nodes utilizing distance variables. This was pruned to
two terminal nodes using the 1 – SE method and confirmed by visual inspection of the
cross-validation relative error versus CP plot (Figure 3.22). The RTA for maple species
shear damage resulted in two groups (Figure 3.23), plots less than 92.78 km from
Hurricane Katrina’s track (7% of the mean shear damage) and plots greater than or equal
to 92.78 km from Hurricane Katrina’s track (24% of the mean shear damage). LR
analysis for plots closer to the storm track (Node 1, 293 plots), the probability of damage
increased with wind duration and decreased with height variation. Plots greater than or
equal to 92.78 km from Katrina’s track (Node 2, 37 plots) had no variables meet the α =
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0.05 for entry into the logistic regression. This could be attributed to the small sample
size of this node and overall small amount of damage incurred to maple species (Table
3.19).

Figure 3.22

Cross-validation relative error versus cost-complexity parameter for shear
damage of maple spp indicating lowest amount of error associated with a
regression tree with two terminal nodes.
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Figure 3.23

Table 3.19

Pruned regression tree for maple species shear damage, indicating that plots
greater than 92.7 km from Hurricane Katrina’s track suffered the greatest
damage.
Summary of forward stepwise logistic regression for maple species shear
damage, based on the terminal nodes of the pruned RTA

Parameter

Node 1
Estimate Pr>ChiSq

-1.1129
Intercept
1
-0.7448
HGT_CV
2
0.3089
DURATION
Hosmer & Lemeshow
Goodness-of-Fit

0.0781
0.0013
0.0125
0.2586

*Node 2 had no variables meet the entry criteria
1
2

Height coefficient of variation
Duration of hurricane force winds

99

Blowdown Damage
The blowdown damage RTA on maple species plots showed no significant
relationships with either distance variables or stand-level variables, and was thus
removed from the analysis.
RTA and LR Results for Yellow-Poplar
Total Damage
Twenty-one percent of all sampled yellow-poplar trees were damaged by
Hurricane Katrina. The majority of damage consisted of blowdown, reaching nearly
16%, with only 5.4% damaged by shear. A RTA based on total damage of yellow-poplar
resulted in an over-fit regression tree with 13 nodes utilizing distance variables. This was
pruned to 4 terminal nodes based on the 1 – SE method and was confirmed through visual
inspection of the cross-validation relative error versus CP plot (Figure 3.24). However,
this four-node regression tree (Figure 3.25) was later manually pruned to two terminal
nodes to ease LR analysis (combining Nodes 2, 3 and 4). Because blowdown damage
contributed the most to the total damage category (nearly 16%), the RTA for these two
damage types used identical splitting criteria (distance from Hurricane Katrina’s track)
and similar values, both resulted in two node regression trees. Total damage was divided
into two groups, plots greater than or equal to 30.09 km from Katrina’s track (Node 1,
113 plots; 13% of the mean total damage) and plots less than 30.09 km from Katrina’s
track (Node 2, 123 plots; 34% of the mean total damage). LR identified for plots greater
than or equal to 30.09 km from Katrina’s track, the probability of damage increased with
TPH and decreased with height variation. For plots less than 30.09 km from Katrina’s
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track, the probability of damage increased with distance from Katrina’s track and
decreased with LMH and elevation (Table 3.20).

Figure 3.24

Cross-validation relative error versus cost-complexity parameter for total
damage of yellow-poplar indicating lowest amount of error associated with
a regression tree with four terminal nodes.
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Figure 3.25

Pruned regression tree for yellow-poplar total damage, indicating that plots
less than 30 km from Hurricane Katrina’s track and less than 85.6 km from
the Mississippi coast suffered the greatest damage.

The LR based on the four terminal node regression tree generated some
interesting results. The LR based on Node 1 (113 plots) identified a negative relationship
with damage and height coefficient of variation and a positive relationship between
damage and TPH. The LR for Node 2 (55 plots) identified a negative relationship
between damage and height coefficient of variation. Nodes 3 and 4 did not have any
variables meet the α = 0.05 level for entry into the logistic regression. This could be
attributed to the small sample size of Node 3 (14 plots) and the overall small percentage
of damage affecting yellow-poplar trees. The percent concordance, however, shows
more accuracy when using a four-node RTA (88%) than a two-node RTA (75.5%).
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Table 3.20

Summary of forward stepwise logistic regression for yellow-poplar total
damage, based on the terminal nodes of the pruned RTA.
Four Node RTA
Node 1

Node 2

Parameter Estimate Pr>ChiSq
-0.0732
0.9215
Intercept
1
-1.1972
0.0007
HGT_CV
2
0.0219
0.0009
TPH
Hosmer & Lemeshow
0.7379
Goodness-of-Fit

Parameter
Intercept
HGT_CV

Estimate Pr>ChiSq
2.2372
0.0308
-1.4449
0.0022
0.4979

*Nodes 3 & 4 had no variables meet the entry criteria

Two Node RTA
Node 1
Parameter
Intercept
HGT_CV
TPH

Estimate Pr>ChiSq
-0.0732
0.9215
-1.1972
0.0007
0.0219
0.0009

Hosmer & Lemeshow
Goodness-of-Fit
1
3

Node 2

Height coefficient of variation
Lorey’s mean height

Parameter
Estimate Pr>ChiSq
2.1476
0.0167
Intercept
3
-0.1155
0.0022
LMH
4
0.0621
0.0076
K_TRACKD
-0.0209
0.0132
ELEVATION
0.7291

0.7379
2

4

Trees per hectare
Distance from storm track

Shear Damage
Shear damage RTA on yellow-poplar plots showed no significant relationships
with either distance variables or stand-level variables, and was thus removed from the
analysis.
Blowdown Damage
The RTA for blowdown damage of yellow-poplar resulted in a regression tree that
was nearly identical to the RTA results for total damage. This is likely due to the large
proportion of blowdown damage that made up total damage for this species. The RTA
based on blowdown damage of yellow-poplar resulted in an over-fit regression tree with
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12 nodes utilizing distance variables. This was pruned to 4 terminal nodes based on the 1
– SE method and was confirmed through visual inspection of the cross-validation relative
error versus CP plot (Figure 3.26). This four-node regression tree was later manually
pruned to two terminal nodes to improve LR analysis (Figure 3.27). This divided the
blowdown damage RTA into two groups, plots greater than or equal to 29.05 km from
Katrina’s track (Node 1, 116 plots; eight percent of mean blowdown damage) and plots
less than 29.05 km from Katrina’s track (Node 2, 120 plots; 30% of mean blowdown
damage). LR identified for plots greater than or equal to 29.05 km from Katrina’s track,
the probability of damage increased with TPH and decreased with height variation. For
plots less than 29.05 km from Katrina’s track, the probability of damage decreased with
LMH (Table 3.21).
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Figure 3.26

Cross-validation relative error versus cost-complexity parameter for
blowdown damage of yellow-poplar indicating lowest amount of error
associated with a regression tree with four terminal nodes.
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Figure 3.27

Table 3.21

Pruned regression tree for yellow-poplar blowdown damage, indicating that
plots less than 29 km from Hurricane Katrina’s track suffered the greatest
damage.
Summary of forward stepwise logistic regression for yellow-poplar
blowdown damage, based on the terminal nodes of the pruned RTA.
Two Node RTA
Node 1

Node 2

Parameter Estimate Pr>ChiSq
-0.0605
0.9492
Intercept
1
-1.1867
0.0036
HGT_CV
2
0.0146
0.0463
TPH
Hosmer & Lemeshow
0.6535
Goodness-of-Fit
1

Height coefficient of variation
3
Lorey’s mean height

Parameter
Intercept
LMH3

Estimate Pr>ChiSq
2.1391
0.0012
-0.1741
<0.0001
0.4164

2

Trees per hectare
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RTA and LR Results for All Pine Species
Total Damage
When all pine species found within the Southeast MIFI District are combined into
one large species group, they account for over half of the total damage (55.2%). All pine
species were predominantly damaged by shear (7.4%) instead of blowdown (3.6%). The
over-fit regression tree for all pine total damage resulted in a regression tree with four
nodes utilizing distance variables. The pruned regression tree also resulted in four
terminal nodes when using the 1 – SE method (Figure 3.28). For plots greater than or
equal to 66.06 km from Katrina’s track (Node 1, 337 plots; 6% mean total damage), the
probability of damage increased with TPH, total precipitation, and elevation, and
decreased with LMH, height variation, and wind direction. For plots greater than or
equal to 95.35 km from the coast and less than 66.06 km from Katrina’s track (Node 2,
366 plots; 9% mean total damage), the probability of damage increased with QMD and
TPH, and decreased with height variation and wind direction. LR identified for plots
between 27.76 and 66.06 km from Katrina’s track and less than 95.35 km from the coast
(Node 3, 291 plots; 15% mean total damage), the probability of damage increased with
TPH and decreased with height variation. For plots less than 27.76 km from Katrina’s
track and less than 95.35 km from the coast (Node 4, 270 plots; 24% mean total damage),
the probability of damage increased with QMD and TPH and decreased with height
variation (Table 3.22).
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Figure 3.28

Pruned regression tree for all pine species total damage, indicating that
plots less than 27.7 km from Hurricane Katrina’s track and less than 95.3
km from the Mississippi coast suffered the greatest damage.
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Table 3.22

Summary of forward stepwise logistic regression for all pine species total
damage, based on the terminal nodes of the pruned RTA.

Parameter

Node 1
Estimate Pr>ChiSq

4.4388
Intercept
1
-0.0822
LMH
2
-0.6348
HGT_CV
3
0.0143
TPH
0.1863
PREC_T4
5
-0.0551
MAX_DIR
0.0231
ELEVATION
Hosmer & Lemeshow
Goodness-of-Fit

Node 2
Parameter Estimate Pr>ChiSq
-0.5965
0.2851
Intercept
0.0815
0.0254
QMD
-0.2121
<0.0001
HGT_CV
0.0099
0.0004
TPH
-0.0028
0.0150
MAX_DIR

0.1112
0.0130
<0.0001
<0.0001
0.0001
0.0141
0.0056
0.0145

0.8944

Node 4
Parameter

Parameter
Intercept
QMD
HGT_CV
TPH

Node 3
Estimate Pr>ChiSq

0.7350
Intercept
-0.3129
HGT_CV
0.0055
TPH
Hosmer & Lemeshow
Goodness-of-Fit

0.0058
<0.0001
0.0173
0.0041

1

2

3

4

Lorey’s mean height
Trees per hectare
5
Maximum wind direction

Estimate Pr>ChiSq
-1.4494
0.04
0.2202
<0.0001
-0.2926
0.0002
0.0139
<0.0001
0.4589

Height coefficient of variation
Total precipitation

Shear Damage
A RTA based on shear damage of all pine species resulted in a regression tree
with three terminal nodes utilizing distance variables (Figure 3.29). LR identified for
plots greater than 49.97 km from Katrina’s track (Node 1, 517 plots; 4% of the mean
shear damage), the probability of damage increased with TPH and elevation, and
decreased with height variation, distance from the coast, and wind direction. For plots
greater than 88.03 km from the coast but less than 49.97 km from Katrina’s track (Node
2, 353 plots; 6% of the mean shear damage), the probability of damage decreased with
height variation. This indicates that uneven-aged stands with greater variation in tree
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height may be more windfirm. For plots less than 88.03 km from the coast and less than
49.97 km from Katrina’s track (Node 3, 394 plots; 16% of the mean shear damage), the
probability of damage increased with QMD and TPH and decreased with height variation
(Table 3.23).

Figure 3.29

Pruned regression tree for shear damage of all pine species, indicating that
plots less than 49.9 km from Hurricane Katrina’s track and less than 88 km
from the Mississippi coast suffered the greatest damage.
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Table 3.23

Summary of forward stepwise logistic regression for all pine species shear
damage, based on the terminal nodes of the pruned RTA.
Node 1

Node 2

Parameter
Estimate Pr>ChiSq
4.5767
0.0415
Intercept
1
-0.4531
<0.0001
HGT_CV
2
0.0121
<0.0001
TPH
3
-0.017
0.0003
COAST_D
-0.0449
0.0189
MAX_DIR4
0.0318
<0.0001
ELEVATION
Hosmer & Lemeshow
0.0247
Goodness-of-Fit

Parameter Estimate Pr>ChiSq
-0.2276
0.2545
Intercept
-0.1056
0.0081
HGT_CV

0.1372

Node 3
Parameter
Estimate Pr>ChiSq
-0.3295
0.5191
Intercept
5
0.0967
0.0141
QMD
-0.2994
<0.0001
HGT_CV
0.0080
0.0006
TPH
Hosmer & Lemeshow
0.7431
Goodness-of-Fit
1

Height coefficient of variation
3
Distance to the coast
5
Quadratic mean diameter

2
4

Trees per hectare
Wind direction

Blowdown Damage
First a RTA was conducted using distance variables for blowdown damage.
When this displayed no relationship, a RTA was performed utilizing stand-level
variables. This resulted in an over-fit regression tree with 12 terminal nodes for
blowdown damage of all pine species The pruned regression tree resulted in a regression
tree with five terminal nodes based on stand-level variables (Figure 3.30) and was later
manually pruned to four terminal nodes to ease LR analysis (combining Nodes 4 and 5).
For the four-node regression tree LR identified plots with LMH greater than or equal to
14.37 m (Node 1, 866 plots; 2% of the mean blowdown damage), the probability of
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damage increased with QMD, TPH, and sustained wind speed and decreased with LMH
and height variation. For plots with LMH between 7.78 and 14.37 m and QMD less than
5.71 cm (Node 2, 157 plots; 2% of the mean blowdown damage), the probability of
damage increased with QMD and TPH and decreased with LMH and height variation.
For plots with LMH between 7.78 and 14.37 m and QMD greater than or equal to 5.71
cm (Node 3, 196 plots; 9% of the mean blowdown damage), the probability of damage
increased with TPH and decreased with height variation. Finally, Nodes 4 and 5 were
combined to ease analysis, resulting in plots with LMH less than 7.78 m (Node 4, 45
plots; 20% of the mean blowdown damage), the probability of damage increased with
QMD and decreased with distance from the coast (Table 3.24).
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Figure 3.30

Pruned regression tree for all pine species blowdown damage, indicating
that plots with Lorey’s mean height less than 7.7 m and quadratic mean
diameter greater than or equal to 6.3 cm suffered the greatest damage.
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Table 3.24

Summary of forward stepwise logistic regression for all pine species
blowdown damage, based on a four node regression tree.
Four Node RTA

Node 1

Node 2

Parameter Estimate Pr>ChiSq
-2.3618
0.0273
Intercept
1
0.2169
<0.0001
QMD
2
-0.1345
0.0002
LMH
-0.7344
<0.0001
HGT_CV3
0.0169
<0.0001
TPH4
5
0.0141
0.0023
HRD_SUS
Hosmer & Lemeshow
0.0874
Goodness-of-Fit

Parameter
Intercept
QMD
LMH
HGT_CV
TPH

0.4034

Node 3

Node 4

Parameter Estimate Pr>ChiSq
0.4045
0.3607
Intercept
-0.7190
<0.0001
HGT_CV
0.0139
0.0018
TPH
Hosmer & Lemeshow
0.5289
Goodness-of-Fit
1

Quadratic mean diameter
3
Height coefficient of variation
5
Sustained wind speed

Estimate Pr>ChiSq
-2.1709
0.2885
0.8360
0.0169
-0.2854
0.0418
-0.4840
0.0003
0.0196
<0.0001

Parameter Estimate Pr>ChiSq
-0.0106
0.9887
Intercept
0.2008
0.0158
QMD
6
-0.0313
0.0051
COAST_D
0.8575
2

Lorey’s mean height
Trees per acre
6
Distance from coast
4

The LR results based on the five terminal node regression tree identified
predominantly stand-level variables. For Node 1 (866 plots), the LR identified a positive
relationship between damage and QMD, TPH, and sustained wind speed. Logistic
regression analysis also identified a negative relationship between blowdown damage and
LMH and height coefficient of variation. The LR based on Node 2 (157 plots) identified
a positive relationship between blowdown damage and QMD and TPH, and a negative
relationship with LMH and height coefficient of variation. Logistic regression analysis
for Node 3 (196 plots) identified a negative relationship between damage and height
coefficient of variation and a positive relationship between damage and TPH. Node 4 did
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not have any variables meet the α = 0.05 level for entry into the logistic regression. This
could be attributed to the small sample size of Node 4 (15 plots) and the overall small
percentage of blowdown damage affecting all species of pine trees. Node 5 (30 plots) LR
analysis identified a negative relationship between blowdown damage and slope (Table
3.25).
Table 3.25

Summary of forward stepwise logistic regression for all pine species
blowdown damage, based on the five terminal nodes of the pruned RTA.
Five Node RTA

Node 1

Node 2

Parameter Estimate Pr>ChiSq
-2.3618
0.0273
Intercept
1
0.2169
<0.0001
QMD
-0.1345
0.0002
LMH2
3
-0.7344
<0.0001
HGT_CV
4
0.0169
<0.0001
TPH
5
0.0141
0.0023
HRD_SUS
Hosmer & Lemeshow
0.0874
Goodness-of-Fit

Parameter
Intercept
QMD
LMH
HGT_CV
TPH

Estimate
Pr>ChiSq
-2.1709
0.2885
0.8360
0.0169
-0.2854
0.0418
-0.4840
0.0003
0.0196
<0.0001
0.4034

Node 3

Node 5

Parameter Estimate Pr>ChiSq
0.4045
0.3607
Intercept
-0.7190
<0.0001
HGT_CV
0.0139
0.0018
TPH
Hosmer & Lemeshow
0.5289
Goodness-of-Fit

Parameter
Intercept
SLOPE

Estimate
Pr>ChiSq
1.7070
0.0255
-0.1832
0.0410
0.2137

*Node 4 had no variables meet the entry
criteria
1

2

3

4

Quadratic mean diameter
Height coefficient of variation
5
Sustained wind speed

Lorey’s mean height
Trees per acre

115

RTA and LR for All Oak Species
Total Damage
When all oak species found within the Southeast MIFI District are combined into
one large species group they account for 19% of the total damage. All oak species were
predominantly damaged by blowdown (11.4%) instead of shear (6.1%). The over-fit
regression tree for all oak total damage resulted in a regression tree with six nodes. The
pruned regression tree resulted in five terminal nodes when using the 1 – SE method
(Figure 3.31) and was later manually pruned to four terminal nodes due to a small sample
size (Node 4, 17 plots). LR identified for plots greater than or equal to 76.84 km from
the coast and greater than or equal to 29.85 km from Katrina’s track (Node 1, 206 plots;
8% mean total damage), the probability of damage decreased with elevation. For plots
less than 76.84 km from the coast and greater than or equal to 29.85 km from Katrina’s
track (Node 2, 281 plots; 16% mean total damage), the probability of damage increased
with QMD and TPH and decreased with LMH. For plots greater than or equal to 108.2
km from the coast but less than 29.85 km from Katrina’s track (combined Nodes 3 and 4,
114 plots; 14% mean total damage), the probability of damage increased with distance to
the storm track. For plots less than 108.2 km from the coast and less than 29.85 km from
Katrina’s track (Node 4, 228 plots; 28% mean total damage), the probability of damage
increased with forest age and decreased with LMH (Table 3.26).
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Figure 3.31

Five node pruned regression tree for all oak species total damage, Nodes 3
and 4 were combined to ease analysis. This indicates that plots less than
29.8 km from Hurricane Katrina’s track and less than 108.2 km from the
Mississippi coast suffered the greatest damage.

117

Table 3.26

Summary of forward stepwise logistic regression for all oak species total
damage, based on a four node regression tree.
Four Node RTA
Node 1

Node 2

Parameter
Estimate Pr>ChiSq
0.0186
0.9670
Intercept
-0.0161
0.0118
ELEVATION

Hosmer & Lemeshow
Goodness-of-Fit

Parameter
Intercept
QMD1
LMH2
TPH3

0.9931

Node 3
Parameter
Intercept
K_TRACKD4

Node 4

Estimate Pr>ChiSq
-2.3158
<0.0001
0.0779
0.0037

Hosmer & Lemeshow
Goodness-of-Fit

Quadratic mean diameter
Trees per acre
5
Forest age

Parameter
Estimate Pr>ChiSq
0.2066
0.7241
Intercept
-0.0929
0.0016
LMH
5
0.0382
0.0001
FOR_AGE
0.1243

0.2308

1
3

Estimate Pr>ChiSq
-0.8579
0.1986
0.1899
0.0002
-0.1257
0.0001
0.0821
0.0165
0.1346

2

4

Lorey’s mean height
Distance from storm track

Shear Damage
Shear damage RTA on all oak species plots, demonstrated no significant
relationships with either distance variables, or stand-level variables and was thus
removed from the analysis.
Blowdown Damage
First a RTA was conducted using distance variables for blowdown damage.
When this displayed no relationship, a RTA was performed utilizing stand-level
variables. This resulted in an over-fit regression tree with nine terminal nodes for all oak
species blowdown damage. The pruned regression tree resulted in a regression tree with
five terminal nodes based on stand-level variables (Figure 3.32), and was later manually
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pruned to four terminal nodes to ease LR analysis, this was conducted by combining
Nodes 4 and 5. LR identified for plots with LMH greater than or equal to 15.59 m (Node
1, 511 plots; 2% of the mean blowdown damage), the probability of damage increased
with TPH and total precipitation and decreased with slope. For plots with QMD less than
8.6 cm and LMH between 11.82 and 15.59 m (Node 2, 115 plots; 2% of the mean
blowdown damage), the probability of damage increased with both TPH and QMD. For
plots with QMD greater than or equal to 8.6 cm and LMH between 11.82 and 15.59 m
(Node 3, 100 plots; 9% of the mean blowdown damage), the probability of damage
increased with TPH. For plots with LMH less than 11.82 m (Node 4, 103 plots; 14% of
the mean blowdown damage), the probability of damage increased with QMD and
decreased with distance from Katrina’s track (Table 3.27).
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Figure 3.32

Pruned regression tree for all oak species blowdown damage, indicating
that plots with Lorey’s mean height less than 11.8 m and quadratic mean
diameter greater than or equal 8.4 cm suffered the greatest damage.

After conducting LR analysis based on the five terminal node regression tree, the
significant variables that emerged predominantly consisted of stand-level variables. For
Node 1 (511 plots), the LR identified a positive relationship between damage TPH and
total precipitation, and a negative relationship between damage and slope. The LR based
on Node 2 (115 plots) identified a positive relationship between damage QMD and TPH.
Node 3 (100 plots) LR analysis identified a positive relationship between damage and
TPH. Nodes four and five did not have any variables meet the α = 0.05 level for entry
into the logistic regression. This could be attributed to the small sample sizes of Node 4
(48 plots) and Node 5 (55 plots) (Table 3.27).
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Table 3.27

Summary of forward stepwise logistic regression for all oak species
blowdown damage, based on a five and four node regression tree.
Five Node RTA

Node 1

Node 2

Parameter Estimate Pr>ChiSq
-2.6892 <0.0001
Intercept
1
0.0523
0.0213
TPH
2
0.0765
0.0036
PREC_T
-0.0369
0.0227
SLOPE
Hosmer & Lemeshow
0.8158
Goodness-of-Fit

Parameter
Intercept
QMD3
TPH

Estimate Pr>ChiSq
-8.4521
<0.0001
0.8599
0.0005
0.1208
0.0222
0.6406

Node 3
Parameter Estimate Pr>ChiSq
-1.3668
0.0021
Intercept
0.2498
0.0016
TPH
Hosmer & Lemeshow
0.6954
Goodness-of-Fit
*Nodes 4 and 5 had no variables meet the entry criteria

Four Node RTA

Node 1

Node 2

Parameter Estimate Pr>ChiSq
-2.6892 <0.0001
Intercept
0.0523
0.0213
TPH
0.0765
0.0036
PREC_T
-0.0369
0.0227
SLOPE
Hosmer & Lemeshow
0.8158
Goodness-of-Fit

Parameter
Intercept
QMD
TPH

0.6406

Node 3
Parameter
Intercept
TPH

1
3

Node 4

Estimate Pr>ChiSq
-1.3668
0.0021
0.2498
0.0016

Hosmer & Lemeshow
Goodness-of-Fit

Trees per acre
Quadratic mean diameter

Estimate Pr>ChiSq
-8.4521
<0.0001
0.8599
0.0005
0.1208
0.0222

0.6954
2

Parameter
Estimate Pr>ChiSq
-0.5061
0.4279
Intercept
0.1344
0.0210
QMD
4
-0.0207
0.0114
K_TRACKD
0.8652

Total precipitation
4
Distance from storm track
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RTA and LR for Oak Bottomland Species
Total Damage
The all oak species group was further divided into bottomland and upland oaks
based on the USDA Silvics of North America Handbook (Burns and Honkala, 1990) and
were confirmed by Dr. Andrew W. Ezell (personal communication 2011). The RTA
based on bottomland oak species total damage resulted in an over-fit regression tree with
seven terminal nodes utilizing distance variables. This was subsequently pruned to three
terminal nodes using the 1 – SE method (Figure 3.33). The LR identified for plots
greater than or equal to 29.53 km (Node 1, 403 plots; 13% mean total damage), the
probability of damage increased with TPH and total precipitation and decreased with
height variation and slope. For plots less than 29.53 km from Katrina’s track and greater
than or equal to 108.2 km from the coast (Node 2, 60 plots; 10% mean total damage), the
probability of damage increased with distance from the storm track and decreased with
height variation. For plots less than 29.53 km from Katrina’s track and less than 108.2
km from the coast (Node 3, 200 plots; 28% mean total damage), the probability of
damage increased with forest age and maximum wind direction and decreased with
height variation (Table 3.28).
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Figure 3.33

Pruned regression tree for bottomland oak species total damage, indicating
that plots less than 29.5 km from Hurricane Katrina’s track and less than
108.2 km from the Mississippi coast suffered the greatest damage.

Node 1
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Table 3.28

Summary of forward stepwise logistic regression for all bottomland oak
species total damage based on the terminal nodes of the pruned RTA.

Parameter

Node 1
Estimate Pr>ChiSq

Node 2
Parameter
Estimate Pr>ChiSq
-0.6020
0.6056
Intercept
-1.1887
0.0043
HGT_CV
4
0.1077
0.0180
K_TRACKD

0.0182
0.9751
Intercept
1
-0.7937 <0.0001
HGT_CV
2
0.0078
0.0067
TPH
3
0.0589
0.0241
PREC_T
-0.0438
0.0161
SLOPE
Hosmer & Lemeshow
0.3517
Goodness-of-Fit

0.8590

Node 3
Parameter
Estimate Pr>ChiSq
0.0673
0.9237
Intercept
-0.8695 <0.0001
HGT_CV
5
0.0332
0.0053
FOR_AGE
6
0.0121
0.0413
MAX_DIR
Hosmer & Lemeshow
0.8178
Goodness-of-Fit
1

2
Height coefficient of variation
Trees per hectare
3
4
Total precipitation
Distance from storm track
5
6
Forest age
Wind direction

Shear Damage
Shear damage RTA on bottomland oak species plots showed no significant
relationships with either distance variables or stand-level variables, and was thus
removed from the analysis.
Blowdown Damage
The RTA based on blowdown damage of all bottomland oak species resulted in
an over-fit regression tree with seven terminal nodes. This was first conducted using
distance variables, but was later switched to stand-level variables when no relationship
was shown with the distance variables. The pruned regression tree resulted in a
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regression tree with two terminal nodes based on stand-level variables (Figure 3.34). The
RTA for blowdown damage of bottomland oak species split blowdown damage into two
groups, plots with LMH greater than or equal to 9.4 m (Node 1, 632 plots; two percent of
the mean blowdown damage) and plots with LMH less than 9.4 m (Node 2, 51 plots; 14%
of the mean blowdown damage). LR identified for plots with LMH greater than or equal
to 9.4 m, the probability of damage increased with TPH and decreased with height
variation and slope. For plots with LMH less than 9.4 m, the probability of damage
increase the LMH and sustained wind speed and decreased with height variation (Table
3.29).

Figure 3.34

Pruned regression tree for bottomland oak species blowdown damage,
indicating that plots with Lorey’s mean height less than 9.4 m suffered the
greatest damage.
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Table 3.29

Summary of forward stepwise logistic regression for all bottomland oak
species blowdown damage based on the terminal nodes of the pruned RTA.
Node 1

Node 2

Parameter Estimate Pr>ChiSq
1.5226
<0.0001
Intercept
1
-1.2496
<0.0001
HGT_CV
2
0.0077
0.0015
TPH
-0.0526
0.0016
SLOPE
Hosmer & Lemeshow
0.3825
Goodness-of-Fit

Parameter
Intercept
LMH3
HGT_CV
HRD_SUS4

Estimate Pr>ChiSq
-4.7691
0.1334
0.4043
0.0220
-3.7057
0.0022
0.0410
0.0495
0.2248

1

2
Height coefficient of variation
Trees per hectare
3
4
Lorey’s mean height
Sustained wind speed

RTA and LR for Oak Upland Species
Total Damage
The RTA based on upland oak species total damage resulted in an over-fit
regression tree with 12 terminal nodes utilizing distance variables. This was
subsequently pruned to 3 terminal nodes using the 1 – SE method (Figure 3.35). This
three-node regression tree was later pruned to two nodes (combining Nodes 2 and 3) to
improve LR analysis. LR identified for plots greater than or equal to 30.09 km from
Hurricane Katrina’s track (Node 1, 248 plots; 13% mean total damage), the probability of
damage increased with QMD and decreased with LMH and height variation. For plots
less than 30.09 km from Katrina’s track (Node 2, 147 plots; 24% mean total damage), the
probability of damage decreased with height variation (Table 3.30).
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Figure 3.35

Pruned regression tree for upland oak species total damage, indicating that
plots less than 30.1 km from Hurricane Katrina’s track and less than 59.9
km from the Mississippi coast suffered the greatest damage.

The LR based on the three terminal node regression tree identified stand-level
variables as significant. The Node 1 (248 plots) LR identified a positive relationship
between damage and QMD, and a negative relationship between damage and LMH and
height coefficient of variation. The LR based on Node 2 (129 plots) identified a negative
relationship between damage and height coefficient of variation. The Node 3 LR resulted
in no variables meeting the α = 0.05 level for entry into the logistic regression. This
could be attributed to the small sample size of Node 3 (18 plots).
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Table 3.30

Summary of forward stepwise logistic regression for all upland oak species
total damage based on the terminal nodes of the pruned RTA.
Three Node RTA
Node 1

Node 2

Parameter Estimate Pr>ChiSq
1.3672
0.0811
Intercept
1
0.1506
0.0145
QMD
2
-0.0887
0.0328
LMH
3
-1.0567
<0.0001
HGT_CV
Hosmer & Lemeshow
0.3267
Goodness-of-Fit

Parameter Estimate Pr>ChiSq
3.0833
<0.0001
Intercept
-1.5897
<0.0001
HGT_CV

0.8035

*Node 3 had no variables meet the entry criteria

Two Node RTA
Node 1

Node 2

Parameter Estimate Pr>ChiSq
1.3672
0.0811
Intercept
0.1506
0.0145
QMD
-0.0887
0.0328
LMH
-1.0567
<0.0001
HGT_CV
Hosmer & Lemeshow
0.3267
Goodness-of-Fit

Parameter Estimate Pr>ChiSq
2.9505
<0.0001
Intercept
-1.4953
<0.0001
HGT_CV

1
3

Quadratic mean diameter
Height coefficient of variation

0.4714
2

Lorey’s mean height

Shear Damage
The shear damage RTA on upland oak species plots showed no significant
relationships with either distance variables or stand-level variables, and was thus
removed from the analysis.
Blowdown Damage
The initial RTA for upland oak species blowdown damage did not show any
significant relationship between damage and distance variables. It was thus switched to
stand-level variables, which resulted in an over-fit regression tree with eight terminal
nodes. This was subsequently pruned to 4 terminal nodes using the 1 – SE method
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(Figure 3.36), and later manually pruned to two nodes (combining Nodes 2,3 and 4) to
improve LR analysis. LR identified for plots with LMH greater than or equal to 11.8 m
(Node 1, 360 plots; two percent of the mean blowdown damage), the probability of
damage decreased with height variation and LMH. For plots with LMH less than 11.8 m
(Node 2, 35 plots; 14% of the mean blowdown damage), the probability of damage
increased with QMD (Table 3.31).

Figure 3.36

Pruned regression tree for upland oak species blowdown damage,
indicating that plots with Lorey’s mean height between 8.7 and 11.7 m and
quadratic mean diameter greater than 8.7 cm suffered the greatest damage.

The LR based on the four terminal node regression tree predominantly identified
stand-level variables as significant. The Node 1 (360 plots) LR identified a negative
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relationship between damage LMH and height coefficient of variation. The LR based on
Nodes 2, 3, and 4 resulted in no variables meeting the α = 0.05 level for entry into the
logistic regression. This could be attributed to the small sample sizes of Node 2 (14
plots), Node 3 (12 plots), and Node 4 (9 plots).
Table 3.31

Summary of forward stepwise logistic regression for all upland oak species
blowdown damage based on the terminal nodes of the pruned RTA
Four Node RTA
Node 1
Parameter Estimate Pr>ChiSq
3.5852
0.0001
Intercept
1
-0.1089
0.0347
LMH
2
-1.5011
<0.0001
HGT_CV
0.5471
Hosmer & Lemeshow
Goodness-of-Fit
*Nodes 2, 3, and 4 had no variables meet the entry criteria

Two Node RTA
Node 1

Node 2

Parameter Estimate Pr>ChiSq
3.5852
0.0001
Intercept
-0.1089
0.0347
LMH
<0.0001
-1.5011
HGT_CV
Hosmer & Lemeshow
0.5471
Goodness-of-Fit

Parameter Estimate Pr>ChiSq
-4.2725
0.0118
Intercept
3
0.5003
0.0070
QMD

1

Lorey’s mean height
3
Quadratic mean diameter

2

0.3029

Height coefficient of variation

Other Species
Other species in this analysis that showed no relationship between damage type
and the abiotic and biotic variables were water tupelo and redbay. These two species
only accounted for three and four percent, respectively, of the total damage within the
Southeast MIFI District. The overall minimal damage to these species could be why the
analysis revealed no significant relationships.
130

Discussion and Conclusions
Regression Tree Analysis
Total Damage
Regression tree analysis examining total damage for all species and species
groups predominantly identified significant relationships between damage and distance
variables (Figure 3.37). These results indicate a strong relationship between damage and
distance from the coast or storm track, with plots nearest to the coast and track
accounting for the greatest mean total damage. This was not surprising, based on the
findings of previous research. This corroborates other researchers’ findings that hurricane
wind damage is expected to vary predictably as distance from the storm track and coast
increases (Oswalt and Oswalt 2008, Wang and Xu 2008, Kupfer et al. 2008, and Doyle et
al. 1995). Species that displayed no relationship between damage and distance variables
included longleaf pine, sweetgum and maple species (Table 3.32). The RTA was
conducted using stand-level variables calculated on each plot for these species. For these
species, the RTA results demonstrated that the highest percent of mean total damage can
be explained by plots that have relatively low TPH, LMH and large QMD. These results
primarily reveal that stand-level variables appear to be more important when predicting
damage for these species than their proximity to the coast or storm track. When
examining Hurricane Katrina induced wind damage to loblolly, slash, and longleaf pine,
Johnsen et al. (2009) also found longleaf pine to have much lower plot density and mean
height when compared to loblolly and slash pine. The RTA for water tupelo and redbay
did not find a significant relationship with either distance variables or stand-level
variables. These species accounted for 3.0 and 4.6% of the total damage in the study
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area, respectively. This overall small amount of damage could be the reason why no
significant relationship was found.

Figure 3.37

Bar graph displaying damage type on the x-axis and the number of tree
species on the y-axis. This indicates the number of species which
regression tree analysis variables were found to be significant. Distance
included distance from storm and storm track, Plot-level included TPH,
QMD, and LMH.
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Table 3.32

Species and species groups and their associated regression tree analysis
variables found to be significant for total damage.
Species
Loblolly pine
Slash pine
Water oak
Yellow-poplar
All Pine
All Oak
Bottomland Oak
Upland Oak
Longleaf pine
Sweetgum
Maple spp.
Water Tupelo
Redbay

Variable
Distance
Distance
Distance
Distance
Distance
Distance
Distance
Distance
Plot-level
Plot-level
Plot-level
None
None

Shear Damage
Regression tree analysis indicated that in most cases, distance and stand-level
variables were ineffective at predicting shear damage (Figure 3.37). The only tree species
that demonstrated a relationship between shear damage and distance variables were
loblolly pine, slash pine, and maple species (Table 3.33). When all pine species are
combined into one species group they also display a relationship between shear damage
and distance variables. This is likely due to the large amount of shear damage these
species incurred. Loblolly pine was 7.7% damaged by shear, over double the amount of
blowdown damage (3.4%). Slash pine had a similar damage pattern, 3.5% blowdown
damage and 8.9% shear damage. The only pine species to incur more damage in the form
of blowdown (4.6%) than shear (3.9%) was longleaf pine. Longleaf pine was also the
least damaged pine species examined in this research; this was also found by Johnsen et
al. (2009). Little previous research has examined the windfirmness of this species.
Touliatos and Roth (1971) found that longleaf pine was the most windfirm pine species
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when examining forest damage following Hurricane Camille. Longleaf pine tends to
thrive in open, park like stands and this may promote a stronger taper thus making
longleaf pine more mechanically resistant to damage (Browning et al. 2004, Burns and
Honkala 1990). Maple species were almost evenly split between blowdown (8.5%) and
shear (9.8%) damage. This is not surprising, based on previous research that indicated
that softwoods are more susceptible to shear damage than blowdown damage (Johnsen et
al. 2009, Touliatos and Roth 1971 and Mergen 1954). Maple species would also be more
susceptible to shear damage due to their similarity to softwoods in the mechanical
properties of their wood. Once again, this displays that for these species, shear damage is
more likely to occur to stands near the coast and storm track. All of the other tree species
and species groups examined in this study did not show any relationship between shear
damage and distance variables or stand-level variables.
Table 3.33

Species and species groups and their associated regression tree analysis
variables found to be significant for shear damage.
Species
Loblolly pine
Slash pine
Maple spp.
All Pine
Longleaf pine
Water oak
Sweetgum
Yellow-poplar
Water Tupelo
Redbay
All Oak
Bottomland Oak
Upland Oak

134

Variable
Distance
Distance
Distance
Distance
None
None
None
None
None
None
None
None
None

Blowdown Damage
Regression tree analysis assessing blowdown damage displayed a more
predominant relationship between damage and plot-level variables than distance variables
(Figure 3.37). Only two species exhibited a relationship between damage and the
distance variables, those were loblolly pine and yellow-poplar (Table 3.34). Oswalt and
Oswalt (2008) also found that yellow-poplar trees near the coast and track to be highly
susceptible to any type of damage. Loblolly pine and yellow-poplar have similar growth
characteristics that may affect their susceptibility to blowdown damage. Both species
grow tall (100-120 m), fast and have deeply penetrating tap roots with wide-spreading
lateral root systems (Hodges et al. 2008 and Burns and Honkala 1990). For both loblolly
pine and yellow-poplar, the greatest percentage of mean blowdown damage was
explained by those plots nearest to Katrina’s track.
Table 3.34

Species and species groups and their associated regression tree analysis
variables found to be significant for blowdown damage.
Species
Loblolly pine
Yellow-poplar
Slash pine
Longleaf pine
Water oak
All Pine
All Oak
Bottomland Oak
Upland Oak
Sweetgum
Maple spp.
Water Tupelo
Redbay
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Variable
Distance
Distance
Plot-level
Plot-level
Plot-level
Plot-level
Plot-level
Plot-level
Plot-level
None
None
None
None

Tree species and species groups displaying a relationship between blowdown
damage and stand-level variables included slash pine, longleaf pine, water oak, all pine
species, all oak species, bottomland oak spp, and upland oak species. Though these
species vary in growth characteristics both above and below ground, they all had one
thing in common, the RTA’s first splitting criterion was LMH. Also, the highest
percentage of mean blowdown damage was explained by plots with LMH less than 7.5 to
7.7 m for pine species and 9.3 to 11.8 m for oak species. These results demonstrate that
most of the blowdown damage to these species and species groups can be accounted for
by shorter juvenile stands. Numerous previous research projects concluded that older,
taller trees/stands may be more susceptible to wind related damage (Peltola 1996,
Stathers et al. 1994, Boose et al. 1994, Putz et al. 1983, and Touliatos and Roth 1971).
However, juvenile stands may be more susceptible to blowdown damage due to their root
systems not being as extensively developed as mature stands. Younger trees are also
more susceptible to damage from other falling trees or indirect wind damage (Gordon
1973); therefore, the higher frequencies of damage to juvenile stands may be a case of
indirect damage not necessarily caused by Hurricane Katrina winds but by other trees
falling and thus damaging the younger trees. Tree species RTA indicating no
relationship between distance or stand-level variables and blowdown damage included
sweetgum, maple species, water tupelo, and redbay. This is likely due to the overall lack
of blowdown damage incurred by these species. Water tupelo is adapted to live in low,
wet flats or sloughs and in deep swamps (Burns and Honkala 1990). Similar to
baldcypress (Taxodium distichum var. distichum) in site adaptation, this species has a
swollen base and a strong taper as well as an extensive root system adapted to near
continuous flooding (Burns and Honkala 1990). This extensive root system and strong
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taper may explain why blowdown damage was so minimal to water tupelo. Redbay and
some maple species are predominantly found in the midstory, which means that
neighboring trees could act as a protective buffer, limiting their exposure to severe winds.
This research has provided a detailed examination of the abiotic and biotic
variables significant in predicting damage type for individual tree species found in south
Mississippi. The RTA analysis provided an in depth look at the interactions and
hierarchical relationships between distance variables and stand-level variables as related
to storm damage. The RTA does require large datasets in order to achieve accurate
results and this could be the reason why the total damage class had such consistent results
when compared to blowdown and shear damage classes. However, this can be alleviated
using the appropriate pruning method such as the one used in this research. The
regression tree methodology can express interactions between variables in relatively
simple forms and readily captures nonlinear relationships. One disadvantage of RTA is
the rigid splitting criteria used to build the regression tree. For example, the RTA for
water oak total damage split based on distance to Hurricane Katrina’s track, with plots
less than 29.5 km from the track explaining more damage (27%) than those greater than
29.5 km from the track (14%). According to this analysis a plot/stand that is 30 km from
the track would experience less damage than one that is 28 km from the track. This may
not be a fair assumption to make because a severe wind event as large and catastrophic as
Hurricane Katrina was capable of causing wide spread destruction. Even though these
water oak trees were further away from the storm track, they were still susceptible to
damage. Large hurricanes, such as Hurricane Katrina, have large feeder bands associated
with them. These are capable of producing severe thunderstorms and tornados as well as
high winds and rains. Even though the eyewall did not pass directly over an area does
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not make it safe from these variable intensity storms associated with the feeder bands.
Although RTA may have some imperfections, it is very useful for identifying large-scale
trends in the data.
Forward Stepwise Logistic Regression Analysis
The LR analysis based on the terminal nodes of the pruned regression trees
examining total damage consistently identified height coefficient of variation, TPH,
QMD, LMH, and forest age (Figure 3.38). These variables appear to be the most
important when predicting hurricane wind damage. The LR results based on shear
damage were slightly different. Height coefficient of variation still had the highest
occurrences but the other top five included TPH, distance from the coast, forest age, and
QMD (Figure 3.39). When examining blowdown damage, we see similar results to those
of total damage. Once again, height coefficient of variation, TPH, LMH, QMD, and
slope are found to be the most consistent predictors of blowdown damage (Figure 3.40).
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Figure 3.38

Bar graph indicating the number of occurrences (y-axis) each variable (xaxis) emerged as a significant predictor of total damage within the logistic
regression analysis.

Figure 3.39

Bar graph indicating the number of occurrences (y-axis) each variable (xaxis) emerged as a significant predictor of shear damage within the logistic
regression analysis.
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Figure 3.40

Bar graph indicating the number of occurrences (y-axis) each variable (xaxis) emerged as a significant predictor of blowdown damage within the
logistic regression analysis.

Overall, this analysis also identified a negative relationship between damage and
height variation, elevation, slope, and aspect and a positive relationship with TPH. These
results both corroborate and confound conventional thinking about severe wind damage.
This analysis shows that an increase in height variation within the plot/stand can
potentially decrease damage and an increase in TPH could increase damage. Some
researchers have found that open uneven-aged stands are more windfirm (Stathers et al.
1994 and Touliatos and Roth 1971). This finding goes against the more prevalent
conclusion that even canopies are less susceptible to wind damage (Zeng et al. 2009,
Schelhass 2008, Roberts et al. 2007, and Peltola 1996). Dense stands are thought to be
more windfirm because of interlocking root systems and an even, closed canopy reduces
wind penetration into the stand (Stathers et al. 1994). However, if the stand becomes too
dense then heigh:diameter ratios can get too high, and trees can become susceptible to
wind damage (Roberts et al. 2007). Further, the individual trees making up a dense stand
are not very windfirm in isolation because of restricted rooting due to competition
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(Stathers et al. 1994). This could also be explained by stem densities. With an increase
in TPH the amount of damage may increase merely because the sample size is larger
(more trees, more damage). These confounding results should be further examined in
future research.
These results of logistic regression analyses indicated a negative relationship
between damage and elevation, slope, and aspect, meaning as these variables increase,
the probability of damage decreases. This is also a widely confirmed conclusion.
Greater slopes and higher elevations, to an extent, allow enhanced water drainage during
a severe hurricane event which can improve the root soil holding strength of the root
system (Wang and Xu 2008, Boose et al. 1994, Putz et al. 1983, Touliatos and Roth
1971, Trousdell et al. 1965, and Mergen 1954). These results also found an increase in
aspect (measured as degrees from 0-359) decreased the susceptibility of damage. These
relate to west-northwest facing aspects which correspond with leeward aspects when
examining the counter-clockwise cyclonic rotation of hurricanes in the northern
hemisphere.
The LR analysis identified a negative relationship between height and damage,
yet a positive relationship between diameter and damage. These results are slightly
confounding because there is such a strong positive relationship found between diameter
and height. This result could be keying in on the relationship between height:diameter
ratio and damage. This inverse relationship between damage and diameter and height
reveals that taller slender trees may be more windfirm than larger stouter trees. This does
not agree with previous research that has shown trees and stands with lower
height:diameter ratios are more windfirm than those with height:diameter ratios over 100
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(Roberts et al. 2007 and Stathers et al. 1994). This relationship should be further
examined in future research.
The LR analysis portion of this research provided a detailed examination of
Hurricane Katrina damage on tree species within south Mississippi. Since each logistic
regression was conducted on a different number and classification of plots for each
species it makes it very difficult to compare results across species. Further, the interaction
between mixed species plot/stands was not accounted for in this study and should be
examined in future research. However, some general conclusions can be drawn. For
plots/stands nearest to the coast and storm track height variation, TPH, QMD, and LMH
were consistently found to be significant explanatory variables for damage for the
majority of tree species examined in this research.
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CHAPTER IV
CONCLUSIONS
This combination of analysis techniques (kriging/IDW and RTA coupled with
LR) provided a way to first visualize the pattern and extent of damage across the
Southeast MIFI District, and then discover the variables that may predict this damage.
The results of both techniques displayed a very strong relationship between damage type
and distance to the coast and storm track. Those areas near the coast and near the storm
track experienced the greatest amount of damage. This is something land managers and
foresters can take into account when establishing salvage operations and debris removal.
For those plots/stands near the coast and storm track the logistic regression
analysis consistently identified plot-level variables (height variation, LMH, TPH, and
QMD) as significant in predicting damage (Figure 4.1). This indicates that the
combination of these variables appear to be the most useful in predicting and analyzing
hurricane wind damage. While this logistic regression analysis did not find a consistent
relationship between damage and measures of storm meteorology, this does not
necessarily mean that these variables are not important when examining hurricane wind
damage. Distance variables are associated with storm meteorology and these could be
masking the specific precipitation and wind speed variables. As the distance inland, or
from the storm track, increases, winds and precipitation associated with the storm are
expected to decrease.
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Figure 4.1

Bar graph indicating the number of occurrences (y-axis) each variable (xaxis) emerged as a significant predictor of total damage within the logistic
regression analysis.

Overall, the logistic regressions predominantly identified a negative relationship
between damage and height variation, elevation, slope, and aspect. This indicates that
plots/stands with a greater variability in height appear to more windfirm. Greater slopes
and elevations can allow for enhanced water drainage during a severe hurricane event.
The soils associated with uplands and greater elevations tend to be coarser, allowing for
better drainage and root growth of the tree species found there (Wang and Xu 2008,
Trousdell et al. 1965, Mergen 1954).
Prior to this study, the spatial trend of hurricane-related wind damage has rarely
been examined. This study demonstrates that IDW and kriging interpolation techniques
are effective at providing insight on large-scale damage trends and damage occurring at
the local-level. This methodology was particularly efficient at detecting the directionality
of damage patterns. This technique’s utilization of spatial dependency provides a
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valuable additional layer of information that traditional analysis techniques (e.g. logistic
regressions modeling) cannot.
The utilization of regression tree analysis in combination with logistic regression
is an approach that is rarely utilized to examine hurricane-related damage. This
combination of analysis techniques created homogenous zones within which significant
predictors of damage could be identified. This technique differs from traditional
approaches in that the classification of damage zones is determined by the data instead of
an arbitrary decision by the researcher. Allowing the data to determine the classification
provides a greater level of accuracy in the results. The utilization of this combination of
analysis techniques also provides relatively straightforward and easily interpreted results.
Future Research
Future research using this methodology could be further expanded to include
more MIFI Forest Districts. Although the Southeast MIFI District experienced the
greatest amount of forest damage in Mississippi, hurricane force winds were experienced
well north of the study area into the Central MIFI District (Graumann et al. 2006 and
Knabb et al. 2006). This is one area where this research could be expanded to include
more tree species and ecological areas. Doppler radar data could also be incorporated
into future hurricane research. Doppler radar can indicate rainfall intensity and duration
and may be a better measure of storm intensity that may help explain different damage
patterns. This research examined one hurricane’s effects on a small portion of the state of
Mississippi. Future research will undoubtedly be focused on the next catastrophic
hurricane to strike the Gulf Coast Region. With this in mind, the methodology used in
this research did an excellent job of visualizing and examining the relationships between
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abiotic and biotic variables and damage and could be employed in further studies. An
examination of the interaction effects of mixed species plots/stands should also be
utilized in future research.
This study’s findings contribute additional insight into the predictors and patterns
of hurricane wind damage at the regional level. It explored the use of rarely utilized data
analysis techniques to provide a new approach to analyzing tree species damage patterns.
The combination of data analysis techniques utilized in this study generated promising
results, and this methodology should be replicated in future research. With a greater
knowledge of the damage patterns associated with a hurricane, land owners may have a
better idea of what to expect in the event a hurricane similar in size and strength to
Katrina re-occurs. The logistic regression results of this study demonstrate that
plots/stands with greater height variability and relatively low densities may be more
windfirm that previously thought. Therefore, land owners with stands with these
characteristics may experience lower levels of wind-related damage than previous
literature would suggest.
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